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These  are  the  proceedings  of  the  21st  International  Conference  on  Defects  in  Semiconductors,  ICDS-21, 
which  was  held  at  the  Justus-Liebig  University  of  Giessen,  Germany,  between  July  16-20,  2001.  The  ICDS 
had  not  been  held  in  Germany  since  1974,  when  it  took  place  in  Freiburg  under  the  chairmanship  of  Prof. 
A.  Seeger  (ICDS-8).  Since  then  the  ICDS  has  been  held  every  two  years  in  the  USA,  Japan  or  Europe. 
Compared  to  the  two  preceding  conferences  in  Aveiro,  Portugal  (1997)  and  in  Berkeley,  USA  (1999),  the 
conference  in  Giessen  expanded  considerably  as  to  the  number  of  participants  as  well  as  contributions, 
demonstrating  that  the  field  is  timely,  active  and  striving. 

In  Giessen  there  were  350  registered  participants  from  40  countries  with  strong  representations  from 
Germany  (88),  Japan  (51),  USA  (36),  Russia  (27),  Great  Britain  (20),  Ukraine  (17)  and  Poland  (11).  The 
rather  large  number  of  participants  from  Eastern  European  countries  was  made  possible  by  special  support 
given  to  the  ICDS  by  the  Deutsche  Forschungsgemeinschaft,  the  University  of  Paderborn,  the  University 
Society  of  Giessen,  the  USA  (Air  Force,  Navy)  and  many  other  institutions  and  industrial  firms.  Without 
that  support,  which  is  gratefully  acknowledged,  the  participation  of  so  many  Eastern  Europeans  and  also  of 
many  young  scientists  would  not  have  been  possible. 

At  the  conference  four  plenary  talks  were  delivered  on  the  first  day,  followed  by  86  oral  contributions  in 
two  parallel  sessions  and  272  posters  in  two  poster  sessions  as  well  as  8  “late  news”  posters,  bringing  the 
total  number  of  accepted  contributions  to  384. 

The  poster  sessions  were  held  after  the  oral  afternoon  session  later  in  the  afternoon  and  into  the  evening 
with  plenty  of  space  also  for  small  discussion  groups  at  tables  in  the  large  hall  between  the  lecture  theatres. 
There  was  ample  food  and  drink  available  during  the  poster  sessions  so  that  most  delegates  stayed  much 
longer  than  the  official  time,  having  and  enjoying  intense  and  lively  discussions. 

The  scientific  scope  was  wider  than  before  in  that,  apart  from  more  traditional  silicon  problems 
and  a  strong  representation  of  group  Ill-nitrides,  ZnO  appeared  as  a  new  focus  and  the  silicon 
carbide  community  concerned  with  defects  found  its  way  to  the  ICDS  for  the  first  time  in  larger 
numbers.  Two  of  the  plenary  talks  were  on  theory  of  defects  reflecting  the  trend  that  theory  has  made 
much  progress  during  the  last  years  to  provide  almost  an  “instrumental”  arm  to  defect  studies.  The 
other  two  were  on  applications  of  the  knowledge  on  impurity  diffusion  in  SiGe  to  produce  world- 
record-fast  devices  and  on  a  historical  view  into  ZnO,  which  all  of  a  sudden  is  experiencing  an  enormous 
revival. 

The  proceedings  will  again  be  published  in  an  archival  journal,  Physica  B,  following  the  preceding  ICDS. 
All  papers  were  refereed  during  the  conference,  an  enormous  task,  for  which  the  organizers  would  like  to 
thank  the  many  referees,  but  also  the  vast  majority  of  delegates  who  delivered  their  papers  at  the  beginning 
of  the  conference.  Special  thanks  to  Dr.  D.  Hofmann  who  took  care  of  the  Proceedings. 

It  gives  us  great  pleasure  to  thank  the  members  of  the  International  Advisory  and  Programme 
committees  for  their  active  advice  and  input  into  the  programme.  We  thank  in  particular  those  members  of 
the  Programme  Committee  (Profs.  Emtsev,  Jantsch,  Nielsen  and  Stutzmann)  who  came  to  Giessen  for  two 
days  to  help  to  shape  the  final  programme.  We  also  thank  the  session  chairs  for  their  help  to  keep  the 
sessions  on  time  and  to  ensure  good  discussions. 

We  owe  the  smooth  running  and  the  harmonious  atmosphere  at  the  conference  to  the  many  members  of 
the  Giessen  physics  department  who  worked  with  so  much  enthusiasm  in  the  local  conference  team  under 


viii 

the  guidance  of  the  conference  secretary,  Dr.  A.  Hofstatter,  and  the  supervision  of  the  treasurer.  Dr.  E.  Pitt. 
A  big  thankyou  to  all  of  you. 

Last  but  not  least  we  would  like  to  thank  all  the  attendees  for  making  this  another  exciting  conference 
and  for  conveying  us  the  optimistic  feeling  that  the  next  conference  in  this  series  will  be  as  lively  and 
interesting  as  this  one  was. 

Bruno  K.  Meyer,  Chair 
Johann-Martin  Spaeth,  Chair 
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Abstract 

Ab  initio  molecular-dynamics  (MD)  simulations  are  increasingly  being  used  to  study  defects  in  silicon.  Simulated 
quenching  and/or  conjugate  gradient  calculations  are  now  common  tools  to  explore  the  minima  of  complicated 
potential  energy  surfaces.  However,  the  real  dynamics  are  in  the  constant-temperature  runs.  These  highly  computer¬ 
intensive  simulations  are  still  limited  to  real  times  of  the  order  of  picoseconds.  However,  they  provide  a  fantastic 
window  into  processes  that  are  beyond  the  reach  of  static  ( T  =  0K)  calculations.  In  this  paper,  the  challenges  of 
constant-temperature  ab  initio  MD  simulations  are  discussed  and  examples  given:  the  formation  of  H2,  the  diffusion  of 
small  self-interstitial  clusters,  the  restless  interstitial  H2  molecule,  and  the  dynamic  calculation  of  vibrational  frequencies 
from  the  velocity-velocity  autocorrelation  function.  The  results  are  obtained  using  methods  based  on  Sankey’s  ‘ab 
initio  tight-binding’  approach,  with  atomic-like  basis  sets  rather  than  plane  waves.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Molecular-dynamics;  Silicon;  Hydrogen;  Self-interstitials 


1.  Introduction 

This  paper  discusses  the  use  of  ab  initio  molecular- 
dynamic  (MD)  simulations  in  constant-temperature 
mode  to  study  the  dynamic  behavior  of  point  defects 
in  crystalline  silicon.  ‘Ab  initio’  refers  to  the  way  in 
which  the  electronic  problem  is  solved,  and  implies  that 
the  method  contains  no  parameters  fitted  to  experi¬ 
mental  data.  This  avoids  the  transferability  problems 
that  are  often  associated  with  the  use  of  semiempirical 
parameters.  However,  these  calculations  do  involve 
approximations  and  user  inputs.  Density-functional 
theory  is  used  to  solve  the  electronic  problem  within 
the  local-density  or  generalized-gradient  approxima¬ 
tions.  The  theorist  chooses  the  basis  set  type  (plane 
waves  or  local  basis)  and  size.  The  core  electrons  are 
hidden  by  ab  initio  pseudopotentials.  Periodic  supercells 
of  finite  size  approximate  the  host  crystal:  64  host  atoms 
cells  have  been  the  norm,  but  128  or  216  cells  are 
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becoming  common.  The  Appoint  sampling  is  often 
reduced  to  just  one  point,  although  larger  samplings 
are  needed  and  are  increasingly  used.  On  a  more 
fundamental  level,  the  electronic  excited  states  are 
ignored  as  are  the  nuclear  quantum  effects  such  as 
zero-point  energies,  tunneling,  quantum  rotational 
states,  or  nuclear  spins. 

Yet,  the  predictive  power  of  ab  initio  theory  has 
dramatically  improved  over  the  past  decade.  Quantities 
such  as  defect  geometries,  energetics  (binding  and 
formation  energies,  activation  energies  for  diffusion, 
etc.)  and  vibrational  properties  are  now  predicted  quite 
reliably  in  many  cases.  Typical  accuracies  for  local 
vibrational  modes  (LVMs)  are  of  the  order  of  5-8%, 
which  still  means  100  cm-1  or  more  for  H-related 
complexes.  Other  quantities  notoriously  difficult  to 
calculate  include  DLTS  levels  and  photoluminescence 
bands.  Processes  that  involve  more  than  one  charge  state 
are  also  very  tricky.  These  include  recombination- 
enhanced  and  Bourgoin-Corbett  diffusion  processes. 

Beyond  the  calculation  of  observable  properties,  an 
important  purpose  of  theory  is  to  provide  information 
on  defects  and  processes  that  are  not  observable.  The 
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properties  of  the  isolated  self-interstitial  are  only  known 
through  theory.  There  are  numerous  examples  of 
‘simple"  initial  situations  which  result  in  complex  final 
structures  following  an  anneal  or  implant,  and  precious 
little  experimental  information  can  be  obtained  about 
the  occurrences  during  the  energetic  treatment.  Exam¬ 
ples  include  the  formation  of  oxygen-related  thermal 
donors  (with  or  without  H  enhancement)  or  of  {3  1  1} 
self-interstitial  platelets. 

One  step  beyond  ab  initio  static  methods  is  the 
inclusion  of  nuclear  (or  rather,  ionic:  nucleus  +  core 
electrons),  kinetic  energy.  The  simplest  way  to  achieve 
this  is  to  remain  within  the  Born-Oppenheimer  approx¬ 
imation  and  treat  the  ions  as  classical  point  masses  that 
obey  Newton’s  laws  of  motion  and  are  decoupled  from 
the  electronic  problem.  In  semiconductors  such  as  Si 
that  have  band  gaps  of  the  order  of  thousands  of 
degrees,  the  electrons  are  left  in  their  ground  state  (zero 
electronic  temperature)  and  the  temperature  of  the 
sample  is  determined  by  the  ionic  kinetic  energy.  The 
explicit  inclusion  of  nuclear  quantum  mechanics  within 
a  dynamic  scheme  is  still  some  years  in  the  future  as 
concerning  point  defects  in  semiconductors.  Extensive 
quantum  treatments  will  ultimately  be  required  to 
understand  some  features  of  impurities  such  as  H 
and  its  light  isotope  muonium.  The  quantum  effects 
associated  with  heavier  ions,  say  O  or  Si,  are  less 
important. 

The  inclusion  of  classical  dynamics  in  constant- 
temperature  mode  opens  up  a  whole  new  world  in  the 
study  of  point  defects  in  semiconductors.  This  became 
obvious  when  the  diffusion  of  a  proton  was  first 
calculated  [1]  in  1989  using  ab  initio  MD  simulations. 
Since  then,  MD  simulations  have  become  a  household 
name,  even  though  most  authors  use  such  simulations  in 
static  mode,  using  conjugate  gradients  to  explore 
complicated  energy  surfaces  and  discuss  the  properties 
of  a  system  at  a  local  minimum  of  the  potential  energy. 
There  have  been  far  fewer  dynamic  (constant-tempera¬ 
ture)  studies  of  defects.  This  paper  deals  with  dynamic 
studies,  the  problems  associated  with  them,  and  with 
examples  of  results  that  cannot  be  extracted  from  static 
calculations.  The  examples  are  (1)  defect  reactions ,  the 
formation  of  the  H2  complex,  (2)  defect  diffusion ,  the 
diffusion  of  small  self-interstitial  clusters,  (3)  the  restless 
H2,  an  interstitial  molecule  which  bounces  within  its 
tetrahedral  cage  even  at  low  temperatures,  and  (4) 
the  dynamic  calculation  of  LVMs  from  the  velocity- 
velocity  autocorrelation  function.  This  paper  is  not  a 
review  of  the  field.  Numerous  authors  are  developing  or 
using  ab  initio  (and  semiempirical)  MD  codes  in  order 
to  discover  the  dynamics  of  defects,  in  the  bulk  and  on 
surfaces.  A  review  of  MD  simulations  has  been 
recently  published  (for  a  recent  review,  see  Ref.  [2]) 
and  several  excellent  monographs  are  available  (See,  e.g. 
Refs.  [3,4]). 


2.  Classical  MD  simulations 

As  mentioned  above,  the  idea  behind  classical  MD 
simulations  is  simple.  Assuming  the  Born-Oppenheimer 
approximation,  one  separates  the  electronic  from  the 
ionic  problem.  The  ions  are  classical  objects  and  the 
temperature  of  the  system  is  related  to  their  kinetic 
energy.  The  electrons  are  treated  quantum-mechanically 
in  their  ground  state.  The  total  energy  is  calculated  at  a 
time  t.  Its  gradient  gives  the  force  on  each  ion  and 
Newton’s  laws  of  motion  are  solved  to  obtain  their 
positions  and  velocities  at  the  time  /  4-  At.  Each  ion  is 
moved  to  its  new  position,  assigned  its  new  velocity  and 
the  electronic  problem  is  solved  again.  One  can  simulate 
annealing  or  quenching  by  adding  or  removing  a 
fraction  of  the  kinetic  energy  every  few  time  steps, 
or  force  the  convergence  towards  a  minimum  of  the 
potential  energy  (at  OK)  using  conjugate  gradients.  In 
this  case,  it  is  desirable  to  use  a  large  cell,  a  converged 
basis  set,  and  more  than  one  k  point  in  order  to  describe 
the  equilibrium  properties  as  accurately  as  possible. 

The  time  step  At  must  be  chosen  carefully.  In  the  case 
of  the  interstitial  H2  molecule  in  Si,  the  H-H  stretch 
mode  is  around  3600cm  l,  which  is  about  10l4Hz.  A 
complete  oscillation  takes  place  every  IOfs  or  so.  In 
order  to  describe  the  motion  of  the  proton,  30-50  time 
steps  are  needed  per  oscillation,  which  implies  that  At  is 
of  the  order  of  0.2  fs.  For  heavier  (and  therefore  slower) 
ions  such  as  Si,  2.0  fs  can  be  used.  A  rapid  quench  or  a 
conjugate  gradient  calculation  typically  involves  a  few 
hundred  time  steps  in  order  to  reduce  the  largest  force 
component  below  0.03  eV/A  or  so. 

Constant-temperature  simulations  imply  substantial 
computer  effort.  With  At  =  1.0  fs,  one  thousand  time 
steps  is  only  one  ps  real  time!  Many  thousands  of  time 
steps  are  required  in  order  to  do  meaningful  dynamics 
and  even  then,  there  is  no  certainty  that  anything  at  all 
will  happen.  The  dynamics  of  interest  include  defect 
reactions  or  diffusion  which  are  basically  chemical 
reactions.  Once  a  reaction  begins,  it  occurs  in  a  very 
short  time.  The  killers  are  the  attempt  frequency  and 
activation  energy.  In  order  for  an  Si-H  bond  to  break 
or  for  O,  to  jump  for  one  bond-centered  (BC)  site  to 
another,  one  must  wait  for  all  the  neighboring  host 
atoms  to  be  at  the  precisely  ‘right’  place  and  move  with 
the  ‘right’  velocity.  Then,  everything  happens  very 
quickly.  The  trick  is  in  looking  exactly  at  the  right  time. 
This  may  be  tricky  to  set  up,  since  the  dynamics  are 
rarely  what  one  expects  them  to  be. 

In  order  to  maximize  the  probability  of  success,  one 
begins  with  the  smallest  realistic  cell,  basis  set,  and 
number  of  k  points,  assigns  some  high  temperature,  runs 
as  many  time  steps  as  possible,  and  prays  a  lot.  A 
healthy  amount  of  experience  and  luck  do  help.  How¬ 
ever,  if  some  interesting  dynamics  does  happen,  one 
knows  better  what  to  expect  and  how  to  prepare  runs  at 
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lower  temperatures  with  larger  cells  and/or  basis  sets.  In 
many  cases,  however,  nothing  happens  and  one  has 
wasted  a  lot  of  CPU  time.  We  can  dream  of  a  novel 
computer  that  would  be  1000  times  faster.  Then,  one 
could  simulate  a  few  nanoseconds,  and/or  increase  the 
cell  size  to  a  few  thousand  atoms,  and/or  sample  more  k 
points,  but  probably  not  all  these  parameters  can  be 
varied  simultaneously.  For  the  foreseeable  future,  the  art 
of  constant-temperature  dynamics  will  remain  the  art  of 
compromise. 

The  computer  outputs  include  the  position  and  velo¬ 
city  of  every  ion  in  the  system  at  every  time  step.  This 
can  be  turned  into  movies  which  are  comparable  to  an 
incredible  ‘theoretical  microscope’  with  atomic  resolu¬ 
tion  in  space  and  femtosecond  resolution  in  time  [5]. 
Movies  are  very  visual  and  therefore  very  convincing. 
One  must  constantly  remind  oneself  that  only  the  tiniest 
window  in  time  is  seen.  Indeed,  the  longest  ab  initio 
simulations  done  to  date  span  a  few  tens  of  picoseconds, 
hardly  enough  to  reach  equilibrium  or  steady  state. 
Further,  this  is  theory,  ab  initio  yes,  but  theory  none¬ 
theless,  which  includes  all  the  approximations  listed  above. 

We  use  the  SIESTA  [6,7]  code  in  our  calculations.  It  is 
a  first-principles  self-consistent  density-functional  meth¬ 
od  with  all  the  usual  features  of  first-principles  density- 
functional  codes.  The  basis  sets  for  the  electronic  states 
consist  of  numerical  linear  combinations  of  atomic 
orbitals  of  the  Sankey  type  [8,9]  rather  than  plane  waves. 
These  basis  sets  are  flexible,  ranging  here  from  minimal 
(single-zeta,  SZ)  to  double-zeta  with  polarization  func¬ 
tions  (DZP). 

3.  Examples 

The  four  examples  below,  all  in  Si,  illustrate  situ¬ 
ations,  which  would  be  either  very  difficult  or  outright 
impossible  to  describe  using  static  methods.  The  first 
deals  with  the  radiation-induced  transition  of  interstitial 
H2  into  the  H2  complex.  This  result  involves  the 
interactions  between  native  defects  and  an  interstitial 
impurity.  The  second  is  the  surprisingly  fast  diffusion 
of  small  self-interstitial  clusters.  This  counter-intuitive 
result  shows  that  small  aggregates  may  diffuse  through  a 
crystal  much  faster  than  the  dissociated  species.  The 
third  example  involves  the  interstitial  H2  molecule, 
which  moves  rapidly  within  its  tetrahedral  interstitial 
cage  and  bounces  off  its  ‘walls’,  thus  exchanging  energy 
with  the  host  crystal.  The  fourth  and  the  last  example 
deals  with  the  calculation  of  LVMs  at  finite  temperature 
using  the  velocity-velocity  autocorrelation  function. 

3.1.  A  mechanism  for  H2  formation 

The  two  simplest  hydrogen  dimers  in  Si  are  the 
interstitial  H2  molecule  and  the  H2  complex.  The 


Fig.  1.  The  H2  complex  forms  when  a  vacancy  and  a  self¬ 
interstitial  recombine  near  interstitial  H2. 


molecule  is  common  in  samples  grown  in  an  hydrogen 
ambient  or  exposed  to  such  an  ambient  near  the  melting 
point  then  quenched,  as  well  as  in  plasma-etched 
samples.  Interstitial  H2  gives  rise  to  a  tiny  Raman  [10] 
and  infra-red  [11]  line.  However,  irradiation  renders  this 
‘hidden’  hydrogen  very  visible  indeed  [12].  In  particular, 
the  H2  complex  always  appears  in  irradiated  samples. 
This  dimer,  shown  in  Fig.  1,  has  one  Si-Si  bond  replaced 
by  two  Si-H  bonds  along  the  same  trigonal  axis,  one  H 
near  the  BC  site  and  the  second  in  an  antibonding  (AB) 
configuration.  This  complex  has  been  predicted  some 
years  ago  by  Deak  et  al.  [13]  and  Chang  et  al.  [14],  then 
identified  by  IR  spectroscopy  by  Holbech  et  al.  [15].  It 
anneals  above  200°C. 

We  studied  the  interactions  between  interstitial  H2 
molecules  and  a  nearby  vacancy  or  self-interstitial  [16]. 
MD  simulations  at  1000  K  show  that  the  molecules 
dissociate  very  quickly  and  the  result  is  either  the 
partially  saturated  vacancy  {V,H,H}  or  a  self-interstitial 
complex  with  two  Hs  {I,H,H}.  Similarly,  H2  melts  when 
placed  inside  a  larger  void,  the  ring-hexavacancy  [17]. 
Molecular  H2  cannot  survive  inside  an  unpassivated 
internal  void  in  Si. 

Ron  Newman  suggested  that  the  {V,H,H}  or  {I,H,H} 
complexes  might  further  react  with  I  or  V,  respectively, 
effectively  resulting  in  vacancy-interstitial  recombina¬ 
tion  at  H2.  We  were  successful  with  the  reaction 
{I,H,H}  +  V->Hj,  which  is  the  more  energetic  of  the 
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two  possible  reactions  [18].  Starting  with  a  vacancy  and 
the  {I.H.H}  complex  in  the  same  64-Si  atoms  cell 
(quenched  to  make  sure  that  the  simulation  begins  at  a 
local  minimum  of  the  potential  energy),  we  raised  the 
temperature  to  1000K  and  let  go  for  8000  time  steps. 
The  calculation  was  not  performed  using  SIESTA,  but  a 
Harris-functional  version  of  the  Sankey  code.  The 
reaction  occurred  with  the  Hs  first  forming  two  Si-H 
bonds  along  different  trigonal  axes.  A  single  H  jump 
resulted  in  H:  at  the  very  end  of  the  simulation  [5]. 

3.2.  The  diffusion  of  small  self-interstitial  clusters 

Large  concentrations  of  self-interstitials  (Is)  are 
generated  during  energetic  processes  such  as  ion 
implantation.  The  isolated  I  has  never  been  detected 
experimentally.  However.  Is  precipitate  and  form  large 
platelets  in  {31  1)  planes  which  become  reservoirs  of  Is 
later  involved  in  the  transient-enhanced  diffusion  of  the 
B  acceptor  [19].  A  number  of  theorists  have  studied  the 
stable  structures  of  small  I„  clusters  and  various 
precipitation  mechanisms  (See  Ref.  [20]  and  references 
therein)  involving  I  +  I  +  I  + - *I/f.  From  the  sys¬ 

tematic  geometry  optimizations,  we  obtained  a  series  of 
stable  and  metastable  configurations  of  self-interstitial 
clusters  I„.  with  n  =  1,  2.  3.  and  4.  Our  most  stable 
geometry  [21]  for  the  tri-interstitial,  I;{,  is  an  equilateral 
triangle  centered  at  a  BC  site.  It  involves  the  substantial 
relaxation  of  only  two  host  atoms,  the  two  nearcst- 
neighbors  (NNs)  on  either  side  of  the  I;{  triangle  (Fig.  2. 
top).  An  alternative  configuration,  which  we  label  ijj 
(Fig.  2,  bottom),  was  proposed  by  Coomer  et  al.  [22]  as 
the  complex  responsible  for  the  W  photoluminescence 
band.  It  consists  of  an  identical  equilateral  triangle  in 
the  {1  1  1}  plane.  However,  it  shifts  and  involves  three 
adjacent  BC  sites  and  thus  requires  six  host  atoms  to 
relax  substantially.  Although  there  is  now  an  agreement 
[23]  that  is  more  stable  than  it,  constant-temperature 
MD  simulations  [24]  show  that  both  complexes  exhibit 
unexpected  dynamic  behavior,  even  at  low  temperatures. 

In  the  case  of  ij,  the  three  self-interstitials  easily 
exchange  sites,  thus  continuously  turning  around  the 
trigonal  axis.  The  stable  I{  complex  diffuses  extremely 
fast  as  its  center  of  mass  (CM  )  shifts  from  BC  to  BC  site 
at  the  picosecond  time  scale.  This  occurs  at  1000  K  in  the 
64-host  atoms  cell  with  an  SZ  basis  set  as  well  as  in  the 
128-host  atoms  cell  with  a  DZP  set.  It  also  occurs,  albeit 
more  slowly,  with  simulation  temperatures  as  low  as 
77  K.  It  is  unusual  to  see  dynamics  at  77  K  at  the  ps  time 
scale.  Although  no  reliable  diffusivity  should  be  ex¬ 
tracted  from  a  handful  of  diffusion  jumps,  it  is  tempting 
to  derive  an  order  of  magnitude.  From  our  longest 
simulation  (1000K.  64-cell.  SZ  basis),  we  get  a  huge 
number,  just  under  104cnr/s.  There  are  two  other  I„ 
clusters  which  diffuse  at  the  picoseconds  time  scale  at 
1000 K.  Both  of  them  also  involve  a  single  BC  site  in 
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Fig.  2.  Side  and  top  (along  <  1  1  I  > ,  top)  views  of  the  tri- 
interstitial  clusters.  The  stable  configuration  (I{.  top),  an 
equilateral  triangle  centered  at  a  single  BC  site  diffuses  very 
fast  even  at  low  temperatures.  The  mctastable  configuration 
(I3.  bottom)  involves  three  adjacent  BC  sites.  At  F>0K.  the 
three  Is  exchange  positions  around  the  trigonal  axis,  but  the 
center  of  mass  remains  in  place. 


their  stable  configuration.  They  are  T  and  one  (of 
twelve)  configurations  of  I4. 

In  all  cases,  the  diffusion  mechanism  is  the  same.  The 
Is  in  these  complexes  all  aim  at  exchanging  site  with  one 
of  the  two  host  atoms  nearest  to  the  BC  site.  These  two 
atoms  are  already  displaced  from  their  ideal  substitu¬ 
tional  sites  and  are  being  pushed  by  two.  three,  or  even 
four  Is.  Thus,  several  Is  join  forces  in  expelling  one  host 
atom.  As  soon  as  this  occurs,  the  other  members  of  the 
complex  only  need  to  rearrange  the  entire  complex  to 
become  centered  at  a  BC  site  adjacent  to  the  original  one. 

We  also  looked  at  the  possibility  that  the  fast- 
diffusing  I3  clusters  interact  with  each  other  and 
precipitate.  Such  a  precipitation  takes  place  at  a 
substantial  gain  in  energy  when  two  (or  more)  V\'s 
diffuse  toward  each  other  along  specific  lattice  directions 
[20],  suggesting  that  the  building  blocks  of  extended 
structures  could  be  the  fast-diffusing  I„  complexes 
described  above  rather  than  an  isolated  I. 

3.3.  The  restless  interstitial  ff 

The  third  example  involves  the  interstitial  H2  mole¬ 
cule  in  Si.  This  impurity  exhibits  unexpected  features 
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(for  a  discussion  and  references,  see  Refs.  [25,26]).  The 
observed  stretch  mode  is  some  550  cm-1  lower  than  the 
free  molecule.  The  mode  is  Raman  and  IR  active,  and 
shows  no  hint  of  ortho/para  splitting.  A  single  HD  line 
is  seen,  and  its  frequency  is  much  higher  and  its 
amplitude  much  smaller  than  expected.  Further,  uni¬ 
axial  stress  experiments  imply  that  H2  and  D2  have  C\ 
symmetry,  and  that  the  piezospectroscopic  tensors  of  H2 
and  D2  are  identical.  Static  calculations  fail  to  explain 
most  of  these  data. 

Constant-temperature  MD  simulations  of  interstitial 
H2  in  Si  at  77  K  show  that  the  molecule  continuously 
moves  around  the  tetrahedral  site  and  bounces  off  the 
walls  of  its  cage,  thus  exchanging  energy  with  its  host. 
The  average  position  of  the  CM  of  H2  moves  away  from 
the  T  site  along  the  <100)  direction  as  the  temperature 
increases  and  H2  visits  anharmonic  regions  of 
the  potential.  Further,  the  CM  moves  slightly  off  the 
<100)  axis  under  uniaxial  stress.  The  rapid  motion  of 
the  molecule  may  also  have  something  to  do  with  the 
absence  of  ortho/para  splitting  [25,26]. 

3.4.  Dynamic  calculations  of  vibrational  frequencies 

The  last  example  deals  with  the  calculation  of 
vibrational  frequencies.  The  prediction  of  LVMs  for 
light  impurities  such  as  H  provides  an  important  link 
between  theory  and  experiment.  The  simplest  way  to 
estimate  frequencies  is  to  calculate  total  energies  at  0  K 
for  a  cell  relaxed  close  enough  to  equilibrium  so  that  a 
maximum  force  component  in  the  entire  system  is  of  the 
order  of  0.01  eV/A.  Then,  an  atom  is  physically 
displaced  by  small  amounts  ±d  along  a  specific 
direction  and  the  frequency  of  this  atom  along  this 
direction  is  extracted  from  the  curvature  of  the  potential 
energy.  In  the  case  of  an  Si-H  stretch  mode  for  example, 
this  would  involve  displacing  H  along  the  Si-H 
direction.  One  can  either  keep  the  rest  of  the  cell  (or 
cluster)  fixed  following  the  displacement  of  one  atom 
(which  underestimates  the  reaction  of  the  host  crystal) 
or  allow  the  atoms  to  relax  (which  overestimates  this 
reaction). 

There  is  no  accepted  standard  for  how  large  the 
displacement  d  should  be.  Quantum  chemists  typically 
use  0.01  A  but  in  the  ‘defect  community’,  displacements 
of  the  order  of  0.05  A  have  been  used.  This  issue  can  be 
overcome  by  calculating  the  total  energy  for  several 
displacements  +d\,  ±c/2,  ...  then  fitting  the  potential 
energy  to  a  polynomial  of  degree  higher  than  2.  Given  a 
sufficient  computer  time,  this  process  can  be  repeated 
along  the  three  Cartesian  directions  for  all  the  atoms  in 
the  cell,  thus  allowing  the  calculation  of  the  entire 
dynamical  matrix.  Such  methods  have  been  used  by  a 
number  of  authors  (for  references,  see  [27])  to  calculate 
LVMs  with  typical  accuracies  of  the  order  of  5-8% 
relative  to  experimental  values. 


A  recently  developed  alternative  is  to  use  density- 
functional  perturbation  theory.  The  idea  is  to  calculate 
the  dynamical  matrix  elements  analytically  from  the 
derivative  of  the  density  matrix  of  the  relaxed  cell 
relative  to  the  nuclear  displacements,  thus  setting  d  = 
6 Rai  an  infinitesimal  displacement  of  nucleus  a.  This 
allows  the  calculation  of  the  entire  dynamical  matrix, 
including  all  the  phonons  and  LVMs,  within  a  purely 
harmonic  approach  [27].  Typical  frequencies  are  within 
1-5%  of  the  experimental  data. 

However,  actual  measurements  are  done  at  non-zero 
temperatures  and  include  the  dynamics  of  the  system, 
such  as  the  coupling  of  LVMs  to  phonons,  for  example. 
One  can  extract  vibrational  frequencies  dynamically 
within  constant-temperature  MD  simulations  from  the 
Fourier  transform  of  the  velocity-velocity  autocorrela¬ 
tion  function  [3,4,26].  This  involves  evaluating  the 
integral  of  the  scalar  product  of  velocities  at  times  t 
and  f  +  r.  In  order  to  obtain  good  statistics,  long 
simulation  times  are  required.  Since  the  simulations  can 
be  done  at  any  desired  temperature,  LVMs  can  be 
obtained  as  a  function  of  T.  In  principle,  one  could 
extract  the  entire  dynamical  matrix  from  autocorrelation 
functions  but  in  practice,  this  requires  considerable 
amount  of  computer  time. 

At  present,  we  can  only  share  preliminary  results.  The 
full  testing  of  how  the  frequencies  vary  with  cell-size, 
basis  set  and  other  parameters  is  under  way.  We 
calculated  the  stretch  frequencies  of  H2,  HD,  and  D2 
both  in  the  gas  phase  and  in  Si.  The  calculations 
involved  12,000  time  steps  at  T  —  30  K,  with  a  DZP 
basis  set  for  H  or  D  and  an  SZ  basis  set  for  the  Si  atoms. 
Fig.  3  shows  the  calculated  frequencies  for  H2,  HD,  and 
D2  in  Si  and  in  free  space.  The  experimental  data  are 
shown  as  small  lines  for  comparison. 

For  the  free  molecules,  the  measured  values  in  the  gas 
phase  are  4161,  3632,  and  2994cm"1,  respectively.  The 
calculated  H2  line  is  too  low  by  0.6%  (25  cm"1),  HD  by 
0.1%  (5cm"1)  and  D2  by  1.2%  (37cm"1).  The  agree¬ 
ment  is  extremely  good. 

For  the  molecules  in  Si,  the  D2,  HD,  and  H2  lines 
calculated  at  30  K  differ  from  the  IR  data  at  10  K  by 
+  6,  -4,  and  138cm_1(!),  respectively.  The  first  two 
frequencies  are  surprisingly  similar  to  the  measured 
values,  but  the  third  one  is  totally  out  of  line. 
Preliminary  results  with  different  basis  sets  show  that 
the  lines  do  shift,  but  the  errors  relative  to  experiment 
for  D2  and  HD  are  similar,  while  that  for  H2  is  different. 
At  this  point,  we  cannot  rule  out  that  some  theoretical 
factor  is  to  be  blamed.  Maybe  the  time  step  is  too  long 
or  the  basis  set  not  converged.  However,  these  para¬ 
meters  work  well  for  free  H2.  There  is  another 
possibility.  Maybe  the  classical  H2  molecule  in  Si  should 
have  a  frequency  higher  than  the  one  observed  (more  in 
line  with  the  free  H2  value)  and  some  quantum  behavior 
is  to  be  blamed  for  the  lower  observed  frequency?  The 
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Fig.  3.  Stretch  frequencies  of  interstitial  D2.  HD,  and  H2  in  Si 
(2649.  3261.  and  3739cm  \  respectively)  calculated  from  the 
Fourier  transform  of  the  velocity- velocity  autocorrelation 
function  at  30  K  (12.000  time  steps)  in  the  64-Si  cell  with  an 
SZ  basis  on  Si  and  a  DZP  basis  on  H  (or  D).  Compared  to  IR 
measurements  at  10  K.  D2  is  6cm  1  too  high.  HD  4cm  1  too 
low,  and  H2  138  cm  '(!)  too  high.  In  contrast,  the  calculated 
frequencies  of  the  free  molecules  arc  all  close  to  the  gas-phase 
Raman  data. 


heavier  D2  and  HD  might  not  exhibit  this  quantum 
behavior.  This  would  imply  that  it  is  not  the  HD  line 
that  is  too  high  but  the  H2  line  that  is  too  low.  Indeed, 
the  calculated  (classical)  frequencies  have  HD  with  an 
anharmonicity  much  closer  to  the  expected  one,  about 
60cm  1  [28].  A  quantum  behavior  for  H2  could  also 
have  something  to  do  with  the  piezospectroscopic 
tensors  of  H2  and  D2  [29,30]. 


4.  Discussion 

Theory  as  a  tool  in  the  study  of  defects  in  semi¬ 
conductors  has  evolved  from  methods  capable  of 
performing  geometry  optimizations  using  semiempirical 
techniques  in  small  clusters,  to  ab  initio  Hartree-Fock 
and  density-functional  theory  in  larger  cluster  or 
periodic  supercells,  to  the  inclusion  of  classical  dynamics 
within  an  ab  initio  scheme.  Despite  the  fact  that  numer¬ 
ous  approximations  remain,  the  predictive  power  of 
theory  for  geometries,  energetics,  vibrational  frequen¬ 
cies,  and  a  few  other  measurable  quantities  has 
improved  dramatically.  The  examples  discussed  in  this 
paper  illustrate  how  constant-temperature  MD  simula¬ 
tions  provide  new  and  unexpected  insights  into  the 
behavior  of  defects.  If  such  a  simulation  is  successful, 
one  often  sees  processes  occurring  in  a  way  more  elegant 
or  complicated  than  intuition  suggests.  Constant-tem¬ 
perature  MD  simulations  are  highly  computer-intensive, 
but  this  is  one  problem  that  technological  progress  will 
likely  alleviate  with  time.  We  have  little  doubt  that  much 
more  remains  to  be  acquired  from  this  window  into  the 
fascinating  dynamics  of  impurities  and  defects  in 
semiconductors. 
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Abstract 

Three  experiments  appear  to  cast  doubt  on  self-interstitial-free  models  of  the  family  of  thermal  donors,  based  on 
oxygen  defects  of  increasing  size.  These  are  (a)  the  rapid  transformation  of  TDD(A)  into  TDD(jV  +  1)  with  activation 
energies  considerably  lower  than  that  of  oxygen  diffusion,  (b)  the  lack  of  any  appreciable  spin-density  on  oxygen  in 
TDD(jV)  ,  and  (c)  the  observation  of  only  two  oxygen  related  vibrational  modes  associated  with  each  donor.  However, 
we  show  that  the  oxygen-only  model  of  the  donors  is  compatible  with  experiment  for  a  structure  involving  an  insulating 
core  with  normal  oxygen  coordination,  surrounded  by  over-coordinated  oxygen  atoms  which  are  responsible  for  the 
donor  activity.  It  is  also  shown  that  the  calculated  stress-energy  tensors  for  the  early  donors  are  in  good  agreement  with 
the  measurements.  (fj  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Bb:  61.72.Cc:  61.72.Ji;  61.72.Lk;  66.30.Jt;  71.J5.Mb 

Keywords:  Silicon;  Germanium:  Oxygen:  Thermal  donors 


1.  Introduction 

Thermal  double  donors  (TDD)  are  formed  by 
annealing  oxygen  rich  Si  or  Ge  at  temperatures  between 
300‘C  and  500'C.  They  comprise  a  family  of  at  least  16 
double  donors  which  form  sequentially  and  are  distin¬ 
guished  by  their  increasingly  shallow  levels  [1].  In  spite 
of  extensive  studies,  they  remain  a  mystery.  There  are  in 
essence  two  current  models.  The  first,  much  favoured  in 
theoretical  studies  [2-6],  suggests  that  they  consist  of  an 
increasing  number  of  O  atoms  surrounding  a  core 
containing  at  least  one  over-coordinated  oxygen  defect. 
The  second  considers  them  to  be  a  silicon  self¬ 
interstitial-oxygen  complex  I„0,„  [7,8].  It  must  be 
admitted  that  the  bulk  of  experimental  evidence  favours 
the  latter.  Three  examples  reveal  the  difficulties  of  the 
oxygen-only  model.  Firstly,  the  activation  energy  for  the 
transformation  of  TDD(A0  into  TDD(/V-f  1)  varies 
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from  1 .2  eV  for  TV  =  1 ,  to  1 .7  eV  for  larger  N  in  Si.  This 
leads  to  an  anomalously  fast  transformation  when 
compared  with  the  2.5  eV  migration  barrier  for  oxygen 
[9].  Secondly,  EPR  and  ENDOR  studies  on  the  NL8 
family,  assigned  to  TDD(Ny ,  reveal  two  shells  of 
O  atoms,  apparently  bridging  neighbouring  Si  atoms, 
possessing  almost  infinitesimally  small  spin-densities 
[10,11].  The  isotropic  l70  hyperfine  interaction  is  less 
than  0.5  MHz  in  NL8  and  much  less  than  3  MHz  found 
on  oxygen  in  VO",  in  spite  of  the  fact  that  oxygen  in 
VO  is  located  in  a  nodal  plane  of  the  spin-density  [12]. 
How,  one  wonders,  can  the  source  for  the  donor  activity 
be  oxygen  when  there  is  so  little  spin-density  associated 
with  it?  Thirdly,  the  oxygen-only  model  requires  an 
increasing  number  of  oxygen  related  local  vibrational 
modes  (LVMs)  to  be  associated  with  the  later  donors, 
but  only  at  most  two  such  modes  have  been  assigned  to 
any  donor  [13,14], 

Despite  the  obvious  difficulties  of  the  oxygen-only 
model,  it  has  not  been  possible,  in  spite  of  many 
attempts,  to  produce  convincing  models  of  self-inter¬ 
stitial-oxygen  clusters  with  the  properties  of  the  donors: 
we  found,  for  example,  the  well-known  IO^  model  from 
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Ref.  [8]  to  be  unstable.  Thus,  any  credible  proposal 
based  on  an  oxygen-only  model  must  also  address  the 
three  fundamental  questions  listed  above. 

We  show  that  this  model,  perhaps  surprisingly,  can 
account  for  the  above  difficulties.  Further,  it  also 
quantitatively  explains  the  variation  of  the  piezospectro- 
scopic  tensor  and  the  local  vibrational  modes  [15]. 

The  calculations  reported  here  use  the  first-principles 
AIMPRO  density  functional  code  on  cells  of  up  160  Si 
atoms.  The  details  of  the  method  have  been  given  before 
in  an  extensive  treatment  of  oxygen  defects  in  Si  and  Ge 
[16],  and  will  not  be  repeated. 


2.  Formation  and  diffusion  of  oxygen  chains 

We  find,  in  agreement  with  previous  work,  that 
oxygen  atoms  cluster  preferentially  along  [110]  direc¬ 
tions  with  decreasing  Si-O-Si  angles  with  increasing 
chain  length  (see  Fig.  la).  The  chains  have  energies 
relative  to  quartz,  ranging  from  1.81  eV,  for  the  single 
interstitial,  to  about  0.36  eV  per  oxygen  atom  for  the 
infinite  chain.  Thus,  they  are  metastable  with  respect  to 
an  Si02  precipitate  and  presumably  will  break  up  after 
sufficiently  long  anneals. 

Consider,  now  the  migration  of  such  chains.  As  the 
chain  moves  through  the  lattice  along  the  [110]  valley  in 
which  it  lies,  a  single  or  group  of  O  atoms  moves  to  the 
symmetric  Y-lid  configuration  as  illustrated  in  Fig.  lb. 
An  upper  limit  for  the  diffusion  barrier  is  found  by 
relaxation  with  a  constraint  that  forces  atoms  to 
approach  this  configuration  [16].  In  Si,  this  energy 
drops  from  2.2  eV  for  the  single  oxygen  species  to 
1.4, 1.3  and  1.2  eV  for  0„,  n  —  2, 3  and  4.  For  Ge,  there 
are  similar  reductions.  The  observed  migration  barriers 
for  oxygen  in  Si  is  2.5  eV  and  hence  the  theory,  in 
common  with  other  similar  calculations  underestimates 


Fig.  1.  (a)  The  staggered  O4  chain  aligned  along  [110].  (b) 
Structure  close  to  saddle-point  for  migration  of  the  chain.  This 
structure  could  be  displaced  to  ‘fall’  either  into  (a)  or  the 
structure  in  (a)  displaced  along  [1  1  0].  White  and  black  spheres 
are  Si  and  O  atoms,  respectively. 
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Fig.  2.  Formation  energies  of  VO„  defects  and  staggered  0„ 
chains,  (a)  Si,  (b)  Ge.  Formation  of  each  VO,,  defect  imply  the 
creation  of  a  bulk  Si/Ge  atom. 


the  diffusion  barriers  by  about  12-15%  [17,18].  Never¬ 
theless  a  rapid  diffusion  of  oxygen  chains  is  to  be 
expected  with  a  barrier  around  1.2  and  1.0  eV  in  Si  and 
Ge,  respectively.  The  marked  reduction  of  the  migration 
barriers  comes  from  two  effects.  Firstly,  the  decreasing 
Si-O-Si  angles  which  bring  the  staggered  form  closer  to 
the  Y-lid  form,  and  secondly,  the  absence  of  Si  dangling 
bonds  at  the  saddle  point  for  all  clusters  except  0\ .  With 
isolated  oxygen  concentrations  of  ~1018cm-3  and 
maximum  donor  concentrations  of  ~1016cm-3  the 
diffusing  chain  will  most  likely  encounter  a  single 
oxygen  interstitial,  either  lying  in  the  same  or  a  nearby 
<110)  valley.  In  the  latter  case,  there  will  have  to  be 
single  oxygen  jump  before  a  longer  chain  is  formed.  It  is 
this  rapid  chain  diffusion  which  enables  long  chains  to 
grow  rapidly  [19],  but  raises  the  question  as  to  whether 
the  increasing  stress  leads  to  a  kick-out  of  a  Si 
interstitial. 

The  formation  energies  of  VO„  defects,  depicted  in 
Fig.  2,  show  that  the  interstitial  ejection  is  exothermic 
when  about  four  O  atoms  are  clustered.  However,  at  this 
stage,  the  barrier  to  the  process  will  be  limited  by  the 
formation  energy  of  an  /Si  or  /oe  atom,  which  we 
estimate  to  be  around  3.3  eV  in  both  Si  and  Ge.  This 
implies  that  at  the  temperatures  where  thermal  donors 
are  formed,  self-interstitials  are  not  produced  but  rather 
long  chains  of  oxygen  atoms  are  formed. 


3.  The  0-2NN  model 

The  energies  per  O-atom  of  several  periodic  infinite 
chains  were  investigated  (see  Fig.  3).  The  most  stable  is 
the  0-2NN  model,  shown  in  Fig.  3a,  where  oxygen 
atoms  are  bonded  to  second  neighbour  Si  atoms  in  two 
parallel  chains  along  [1  10].  We  found  these  chains  to  be 
bonded  ionically  together,  with  each  oxygen  atom 
divalent,  and  each  Si  atom  tetravalent. 

It  is  tempting  to  identify  the  0-2NN  chains  with  the 
donors.  Although  they  have  the  same  C2v  symmetry  for 
odd  n ,  this  cannot  be  correct.  The  band  structures  for 
bulk  Si  and  the  infinite  0-2NN  chain,  in  same  supercell, 
are  shown  in  Fig.  4a  and  b,  respectively.  These 
demonstrate  that  the  chain  is  insulating  with  a  highest 
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Fig.  3.  Periodic  infinite  sub-oxide  chains,  (a)  0-2NN.  (b)  VO:, 
(c)  0;-INN,  (d)  Ring,  (e)  D-Ylid.  (f)  parallel  D-Ylid. 
Formation  energies  per  O-atom  are  shown  on  the  left-hand 
side  of  each  structure. 


supercell  and  (b)  the  same  supercell  containing  the  infinite  O- 
2NN  chain  from  Fig.  3a.  Solid  and  dashed  lines  represent  filled 
and  empty  states.  Band  gap  of  0.54  eV  in  (a)  is  a  consequence  of 
density  functional  theory.  Reciprocal-space  points  arc  in  units 
of  2n/aiu  where  is  the  Si  lattice  constant.  Note  degenerate 
valleys  along  (001)  and  (100)  in  (a)  are  split  in  (b).  (c)  and  (d) 
show  band  structures  for  112  Si  atom  defect-free  supcrcell  and 
same  cell  containing  CV2NN  as  in  Fig.  6.  Note  that  (d)  exhibits 
double  donor  behaviour. 

occupied  band  close  to  that  of  bulk  Si.  They  also  reveal 
that  the  six  degenerate  lowest  empty  bands  associated 
with  the  <100)  valleys  in  bulk  Si  are  split  in  0-2NN, 
with  the  lowest  pushed  downwards  by  ~0.2  eV  from 
their  centre  of  mass  by  the  [001]  stress  arising  from 


Fig.  5.  Contour  plot  of  |^„k(r)|2  x  1000  for  (a)  the  lowest 
unoccupied  band  in  the  infinite  0-2NN  chain,  and  (b)  the 
highest  occupied  band  in  the  CV2NN  chain.  For  both,  k-points 
in  the  middle  of  the  zone  along  (00  1)  were  taken.  Contour 
levels  arc  the  same  in  both  plots. 


oxygen.  The  ionic  character  of  the  sub-oxide  is 
supported  by  Fig.  5a,  which  shows  that  the  wavefunc- 
tion  of  the  stress  induced  gap  level  is  localized  on  the  Si 
cations  and  avoids  the  oxygen  anions  as  expected  for 
conduction  band  states  in  ionic  materials. 


4.  Thermal  double  donors 

Finite  0„-2NN  chains  are  terminated  by  O-atoms 
bridging  Si  nearest  neighbours  as  shown  in  Fig.  6. 
Consequently,  a  topological  defect  involving  an  over¬ 
coordinated  O-atom  or  an  under-coordinated  Si-atom, 
must  be  present  at  the  interface  between  the  two  types  of 
oxygen  atoms.  The  calculations  indicate  that  the  former 
occurs.  While  short  0,,-INN  chains  (Fig.  la),  are  more 
stable  than  short  0„-2NN  chains,  the  reverse  is  true  for 
long  ones  and  the  cross-over  occurs  around  A'  =  6  and  8 
oxygen  atoms. 

Whereas  the  infinite  chain  is  insulating,  the  finite 
chain  is  not.  The  highest  occupied  state  in  0<r2NN 
shown  in  Fig.  4d  now  edges  the  conduction  band.  It 
might  then  be  expected  that  the  wavefunction  of  this 
shallow  double  donor  level  must  be  localized  on  the 
over-coordinated  oxygen  atoms  but,  as  Fig.  5b  shows, 
this  is  not  the  case.  The  donor  state  is  the  same  stress- 
induced  gap  state  found  for  the  infinite  0-2NN  chain. 
We  understand  this  as  follows.  The  interface  region 
leads  to  an  energy  level  lying  above  the  strain  induced 
gap  level  due  to  the  0-2NN  core.  Consequently, 
electrons  drop  into  the  stress  induced  gap  state  with 
minimal  overlap  with  oxygen.  This  explains  the  EN- 
DOR/EPR  results  for  a  lack  of  spin-density  on  oxygen 
even  though  oxygen  is  the  source  of  the  donor  activity. 
The  strain  induced  level  is  also  consistent  with  the  effect 
of  uniaxial  stress  on  electronic  IR  absorption  [20]. 
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Fig.  6.  09-2NN  identified  with  TDD(4)  or  TDD(5).  This  grows 
along  [1  10],  and  is  orthogonal  to  [0  0  1].  Note  over-coordinated 
oxygen  occurs  at  interface  of  two  types  of  oxygen. 


We  can  now  identify  the  donors  with  different  oxygen 
chains.  The  chains  with  odd  number  of  oxygen  atoms 
have  C2r  symmetry  but  ones  with  even  numbers  have 
Cjh  symmetry.  The  vibrational  modes  of  O2  and  O3  have 
been  identified  and  these  species  are  not  thermal  donors 
[21].  TDD(O)  may  be  identified  with  a  chain  of  perhaps 
four  or  five  O  atoms  suggesting  TDD (N)  is  On  with 
n  —  N  +  4orN  +  5.  This  agrees  with  observations  that 
a  loss  of  around  9-10  oxygen  atoms  per  TDD  from 
solution  accompanies  the  formation  of  the  average 
donor,  taken  to  be  TDD(5)  or  TDD(6)  [22,7].  We  have 
also  mentioned  above  that  0„-2NN  chains  are  more 
stable  than  0„-lNN  chains  for  more  than  6-8  O-atoms. 
We  are  not  convinced  by  the  recent  suggestion  that 
different  donors  are  alternative  conformations  with  the 
same  number  of  O-atoms.  This  is  because  the  barriers 
between  these  conformations  are  too  low — around 
0.3  eV  [19],  and  stress-alignment  experiments  show  that 
the  donors  can  be  aligned  with  barriers  comparable  with 
single  oxygen  diffusion.  Thus,  during  stress  alignment, 
the  cluster  appears  to  dissociate  and  subsequently 
reforms  with  a  different  alignment. 

Recent  high  field  EPR  experiments  indicate  that  the 
symmetry  of  all  the  donors,  except  the  second,  is  not 
strictly  C2v  although  the  difference  appears  small  [23]. 
Furthermore,  ENDOR  studies  [10,11]  indicate  the 
presence  of  two  shells  of  170  hyperfine  tensors  with 
axes  around  62°  with  [0  0  1]  and  close  to  that  expected 
from  oxygen  lying  between  neighbouring  Si  atoms. 
These  considerations  could  be  accommodated  for 
example,  if  the  left  over-coordinated  O-atom  in  Fig.  6 
were  shifted  one  step  to  the  right  resulting  in  a  strict  loss 
of  symmetry  and  creating  three  shells  of  normal  oxygen 
atoms  lying  near  the  ends  of  the  chain. 

The  compressive  stresses  exerted  by  the  0-2NN  core 
and  O-INN  ends  are  different.  The  former  lies  along 
[0  0  1]  and  the  latter  along  [1  1  1]  and  [I  I  1].  Thus  the 
[0  01]  displacement  of  Si  along  the  chains  is  different  for 
the  two  regions.  Table  1  shows  that  the  central  Si  atoms 
exert  a  very  large  compressive  strain  which  decreases 
with  the  length  of  the  chain.  This  has  implications  for 
the  stress-energy  or  piezospectroscopic  tensors  for  the 
donors.  We  have  evaluated  these  tensors  in  a  way 
described  earlier  [16].  Table  1  shows  that  the  calculated 
tensors  for  the  smaller  C2v  chains  possess  principal 


Table  1 

Calculated  [0  0  1]  displacements  (A),  4(0  0  1)  and  4(0  0  1),  of 
central  and  end  Si-atoms,  and  stress-energy  tensor  elements  B 
along  [001]  and  [1  10]  (eV),  for  0„-2NN  chains.  Observed 
tensors  for  the  early  TDD  members  were  measured  by  FTIR 
spectroscopy  and  EPR  (starred  values)  [24,25].  Note  TDD(./V)  is 
identified  with  OjV+4-2NN  or  Ojv+5-2NN 


Calc. 

05-2NN  C2r 

06-2NN  C2h 

0?-2NN  C2v 

Ox-2NN 

4(001) 

0.43 

0.42 

0.41 

0.34 

4(ooi) 

0.22 

0.22 

0.22 

— 

Boo  1 

-13.8 

-13.2 

-12.1 

— 

B\  1 0 

10.5 

9.9 

8.3 

— 

Obs. 

TDD(2) 

TDD(3) 

TDD(4) 

*001 

B\  1  0 

-12.2 

-11.9 

10.3* 

-11.4 

8.5* 

values  very  close  to  those  observed  by  electronic  infra¬ 
red  and  EPR  experiments.  Note  that  06 -NN  has  C2h 
symmetry,  and  hence  two  principal  directions  of  the 
tensor  are  rotated  by  0  =  9°  from  the  [0  0  1]  and  [1  1  0] 
crystallographic  axes.  It  is  unclear  whether  this  angle  lies 
inside  the  experimental  error  for  the  tensors  of  those 
donors  displaying  lower  symmetry  than  C2v  [23]. 
However,  the  calculations  correctly  reproduce  the 
principal  values  of  the  stress  tensor  and  their  variation 
with  donor  species.  We  note  the  decreasing  [0  0  1]  strain 
with  increasing  N  would  result  in  shallower  strain 
induced  states  consistent  with  the  decreasing  donor 
level. 


5.  Conclusions 

In  conclusion,  we  have  shown  that  oxygen  atoms  lying 
in  chains  diffuse  quickly  and  form  extended  chains  lying 
along  [1  10].  The  most  stable  long  chains  involve  O- 
atoms  linking  second  neighbouring  Si  atoms  (0-2NN). 
The  chains  are  less  stable  than  an  SiC>2  precipitate  but 
form  through  their  rapid  kinetics.  The  activation  energy 
for  the  kick-out  of  a  single  Si  interstitial  appears  to  be 
considerable  and  will  not  occur  during  the  early-stages 
at  450°C.  The  chains  give  rise  to  a  compressive  stress 
along  the  [0  0  1],  leading  to  a  stress  induced  empty  gap 
level  lying  below  the  conduction-band,  whose  effective- 
mass  wave-function  is  localised  on  ~1000  surrounding 
Si  atoms.  The  ends  of  the  finite  chain  are  terminated  by 
O-INN  atoms.  The  donor  activity  arises  from  a  pair  of 
over-coordinated  O-atoms  at  the  interfaces  between  two 
species  of  oxygen  in  the  chain.  The  energy  levels  of  these 
regions  lie  above  the  stress  induced  gap  level  and 
electrons  preferentially  occupy  the  latter. 
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The  two  types  of  oxygen  lead  to  different  stress 
distributions.  The  core  region  is  highly  compressive 
along  [0  0  1]  while  the  end  region  leads  to  stress  along  the 
chain.  The  magnitudes  of  the  calculated  stress-energy 
tensor  are  consistent  with  experimental  values.  The  same 
model  also  accounts  for  the  vibrational  modes  of  the 
donors  [15]. 

It  is  to  be  noted  that  the  model  suggests  that  single 
donors  can  be  formed  by  substitution  of  O  or  Si  by 
group-III  or  group-V  impurities.  Other  possibilities 
include  substitution  of  O  by  a  tri-vaient  complex  as  a 
OH  unit.  The  former  probably  leads  to  the  NL10(A1) 
family  [26.27]  and  the  later  to  the  H-relatcd  shallow 
thermal  donors  [28]. 
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Abstract 

Process-induced  defects  are  still  a  key  issue  in  semiconductor  device  production.  The  increasing  miniaturization  and 
number  of  process  steps  as  well  as  the  introduction  of  new  materials  and  processes  make  the  understanding  of  defect 
generation  more  complex.  In  this  paper,  we  describe  small  defects  in  silicon,  such  as  dry  etching  damage,  implantation 
mask  defects,  and  silicidation  defects,  which  may  be  considered  as  nuclei  for  secondary  defect  formation.  In  two 
examples,  transmission  electron  microscopy  and  stress  simulation  are  applied  to  study  source-drain  transistor  leakage 
and  dislocation  formation  at  trench  corners  in  silicon.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Dislocation;  Stress;  Device;  Transmission  electron  microscopy 


1.  Introduction 

Every  introduction  of  a  new  process  or  material  in 
semiconductor  device  manufacturing  has  entailed  defect 
formation.  This  has  always  required  elucidating  the 
mechanisms  of  defect  generation  in  order  to  optimize 
device  fabrication.  The  application  of  continuously 
improved  diagnostic  techniques  for  defect  analysis  and 
the  correlation  to  the  electrical  device  performance  in  a 
mass  production  environment  was  described  as  a  “Gear 
of  Challenge”  [1].  Considering  today’s  economic  impact 
of  the  microelectronics  industry,  the  “Wheel  of  Mis¬ 
fortune” — as  the  control  of  process-induced  defects  was 
described  almost  25  years  ago  [2] — has  transformed  into 
a  “Disc  of  Success”  [3].  Lately,  Bergholz  and  Gilles  [4] 
reviewed  the  success  story  of  research  on  defects  in 
silicon  wafer  material  by  emphasizing  the  continuous 
input  from  both  academic  and  industrial  research  over 
40  years!  A  recent  collection  of  references  on  the 
progress  of  process-induced  defects  can  be  found  in 
Ref.  [3].  In  this  paper,  we  focus  first  on  a  selection  of 
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small  “harmless”  process-induced  defects  that  serve  as 
nuclei  for  the  generation  of  electrically  detrimental 
defects  later  in  the  process.  Secondly,  we  show,  by  way 
of  example,  how  stress  simulation  and  analysis  may  help 
to  eliminate  or  even  avoid  defects. 


2.  Nuclei  and  primary  defects 

Failure  analysis  of  single  devices  in  finished  integrated 
circuits  by  transmission  electron  microscopy  (TEM) 
reveals,  very  often,  relatively  large  defects,  i.e.  having  the 
size  of  the  device  feature.  To  find  the  root  cause,  either  a 
detailed  TEM  analysis  of  the  failure  has  to  be  carried 
out  or  the  possible  defect  formation  mechanism 
occurring  during  individual  process  steps  has  to  be 
explored  by  various  analytical  techniques.  Here,  we 
present  a  few  processes  where  TEM  has  revealed  small 
lattice  imperfections  (nuclei)  or  small  dislocations 
(primary  defects)  which  may  incubate  electrical  mal¬ 
icious  secondary  defects  in  a  later  stage  of  processing. 

Plasma  etching,  with,  e.g.  chlorine-  and  bromine- 
based  chemistry,  is  used  for  etching  trenches  into  the 
silicon  substrate  which  serve  as  capacitors  in  memory 
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Fig.  I.  TEM  cross  sections  of  chlorinc-plasma-ctchcd  (1  00)  Si 
surfaces:  with  (a)  low.  (b.c)  high  power,  (c)  <110)  high- 
resolution  lattice  image. 


chips,  or  as  device  isolation,  or  for  vertical  transistors. 
High  and  uniform  etch  rates,  high  selectivity  to  the  etch 
mask,  and  others  are  required  for  an  optimum  trench 
profile.  When  using  a  magnetically  confined  tri-electrode 
etch  reactor,  the  generation  of  the  reactive  species  and 
their  extraction  towards  the  substrate  may  be  controlled 
independently  via  two  separate  RF  power  supplies. 
Engelhardt  [5]  showed  that  the  substrate  degradation 
increased  with  higher  bias  voltages  leading  to  higher 
kinetic  energies  of  the  species  impinging  on  the  surface. 
Figs,  la-c  are  TEM  cross  sections  displaying  the  silicon 
(100)  surfaces  processed  with  chlorine  at  low  and  high 
RF  power  level.  At  low  power,  only  the  native  oxide 
layer  (Fig.  la)  and  an  adsorbate  of  chlorine  were 
detected  in  Auger  spectroscopy  profiles,  whereas  at  high 
power,  a  larger  amorphous  zone  comprising  oxide  and 
amorphous  Si  (Fig.  lb)  as  well  as  chlorine  implanted  to 
a  depth  of  about  10  nm  were  found.  The  dark  spots 
below  the  amorphous  zone  represent  point  defect 
clusters  and  surface  roughness,  which  is  more  clearly 
visible  in  the  lattice  image  of  Fig.  1c.  These  irregularities 
are  potential  sites  for  secondary  defect  generation: 
Fig.  2a  displays  a  plate-like  NiSi2  precipitate  at  a  trench 
sidewall.  It  was  formed  after  rapid  thermal  annealing 
(1200  C/30  s,  N2)  from  the  inadvertent  metal  contam¬ 
ination  during  the  etch  process.  Though  it  was  not 
directly  confirmed,  it  may  be  speculated  that  a  strongly 
degraded  surface  offers  more  precipitation  sites.  Fig.  2b 
shows  a  dislocation  half-loop  nucleated  at  a  1  pm  deep 
and  approximately  0.4  pm  wide  trench  after  a  800  C/ 
450  min  wet  oxidation.  It  is  interesting  that  such 


dislocation  oxidized 


Fig.  2.  (a)  TEM  cross  section  of  an  NiSi:  precipitate  in  silicon 
at  a  trench  sidewall:  (b)  TEM  plainview  of  a  dislocation 
generated  at  an  oxidized  trench  in  Si. 


dislocations  formed  only  after  a  particular  trench  etch 
condition  and  chemistry.  Geometrical  differences  in  the 
trench  shape  or  oxide  thickness  could  be  ruled  out. 
Thus,  the  dislocation  may  have  nucleated  at  the 
defective  amorphous/crystalline  trench  interface  formed 
after  etching  and  cleaning  (such  as  in  Fig.  lc).  It  was 
demonstrated  in  the  past  that  dry  etching  of  contact 
holes  with  CHF^  produces  lattice  damage  [6,7],  which 
gives  rise  to  oxidation-induced  stacking  faults  when  no 
appropriate  post-treatment  was  carried  out  to  remove 
the  damage  [8]. 

Another  type  of  primary  defect,  generating  secondary 
dislocations,  which  are,  e.g.  subject  to  glide  into  the 
substrate  due  to  a  stress  field,  are  implantation  mask- 
edge  defects.  High-dose  amorphizing  implants  give  rise 
to  these  vacancy-type  defects  in  the  silicon  substrate 
below  the  mask  edge.  These  defects  have  been  observed 
regularly  in  various  technologies  for  the  last  15  years 
and  are  described  in  detail  in  Ref.  [9].  Fig.  3  is  a  TEM 
pi  an  view  image  showing  a  long  dislocation  pinned  to  a 
mask-edge  defect. 

Contact  holes,  filled  with  tungsten,  use  thin  barrier 
layers  of  Ti/TiN  to  avoid  a  reaction  with  silicon.  Due  to 
annealing,  finally,  a  thin  TiSi2  film  is  created  below  the 
TiN.  The  formation  of  TiSi2  from  Ti  and  the  substrate 
causes,  first,  a  compressive  stress  at  elevated  temperature 
whereas  this  stress  becomes  strongly  tensile  when 
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Fig.  3.  TEM  planview  image  of  a  dislocation  pinned  at 
implantation  mask  edge  defects. 


Fig.  4.  TEM  cross  sections:  (a)  Defects  (arrows)  in  Si  at  the 
bottom  of  a  W-filled  contact  hole;  (b)  high-resolution  lattice 
image  showing  a  missing  {1  1  1}. 


cooling  down  to  RT.  When  a  critical  layer  thickness  is 
surpassed,  the  stresses  may  exceed  the  critical  shear 
stress  on  the  active  slip  system  (usually  {111}<110». 
[10].  This  becomes  even  worse  with  decreasing  feature 
size.  Moreover,  the  titanium  silicide  reaction  goes  along 
with  volume  shrinkage  of  about  15%  and  an  emission  of 
vacancies  into  the  silicon  [11].  Fig.  4a  shows  a  contact 
hole  with  about  60  nm  in  diameter  and  a  relatively  thick 
TiSi2  layer  of  about  12  nm.  Below  both  sides  of  this  film, 
for  each  contact  in  the  array,  defects,  10  nm  in  size,  were 
generated.  A  high-resolution  image  (Fig.  4b)  reveals  a 


half-loop  dislocation  with  a  missing  {111}  plane.  The 
dislocations  were,  thus,  produced  by  the  silicidation. 
They  might  lower  the  nucleation  barrier  for  secondary 
dislocations  when  a  high  stress  source  should  become 
active  later  in  the  process. 


3.  Stress-induced  (secondary)  defects 

The  following  two  examples  demonstrate  technology 
processes  where  secondary  defects  are  released  at  nuclei 
due  to  high  mechanical  stress  fields. 

Fig.  5a  is  a  schematic  cross  section  of  a  power 
MOS  transistor,  which  showed  /D ss  leakage,  i.e.  a 


Fig.  5.  (a)  Schematic  cross  section  of  a  power  MOS  transistor; 
(b)  darkfield  TEM  planview  image  of  a  dislocation  below  the 
gate  oxide;  (c)  shear  stress  along  a  (1 00)  plane  50  nm  below  the 
gate  oxide  after  an  oxidizing  and  an  inert  anneal. 
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drain-source  leakage  current  at  zero  gate  voltage.  TEM 
planview  inspection  of  such  affected  transistors  identi¬ 
fied  Lomer-type  dislocations  lying  shallow  (ca.  50  nm) 
below  the  gate  oxide  on  {100}  planes  (Fig.  5b).  They 
extended  from  beneath  the  poly-Si  gate  edge  up  to 
250  nm  into  the  transistor  channel.  It  was  evident  that 
their  origins  were  the  mask  edge  defects  at  the  poly-Si 
gate  edge  from  the  source  n  !  -implantation  regarding 
the  dislocation  lines  bowing  back  to  the  edge.  Their 
movement  on  the  {100}  planes  must  have  been  released 
by  the  injection  of  silicon  interstitials  under  high  lateral 
stress.  Such  a  phenomenon  was  described  previously  by 
Mader  [12]  assuming  a  critical  resolved  shear  stress 
(RSS)  of  1.7  x  107 Pa  for  glide  on  {100}  at  900  C.  The 
critical  process  step,  which  led  to  this  failure,  was  found 
by  2D-device  process  stress  simulation  with  TSUPREM- 
4  [13].  The  n  r  -implantation  anneal  had  been  carried  out 
in  an  oxidizing  ambient  at  900  C  for  30min.  Fig.  5c 
compares  the  shear  stress  on  a  {100}  plane,  50 nm 
below  the  gate  oxide  and  in  the  direction  perpendicular 
to  the  gate  edge,  for  an  oxidative  and  an  inert  anneal. 
The  shear  stress  could  be  reduced  by  50%  for  nitrogen 
anneals.  This  sufficed  to  avoid  the  defect  formation  and 
leakage.  We  note  that  the  calculated  stress  at  the 
dislocation  nucleation  point  exceeded  the  critical  RSS 
reported  in  Ref.  [12]  in  both  cases  by  factors  of  10  and 
20.  Transistors  with  similar  leakage  behavior  were  also 
observed  by  other  authors  [14,15]. 

Trenches  in  the  silicon  substrate  are  usually  filled  with 
poly-Si  or  oxides,  which  have  high  intrinsic  stress 


leading  to  strong  compressive  or  tensile  stress  at  the 
trench  corners  [16].  During  the  development  of  a  novel 
read-only  memory  with  trench  technology  [17].  disloca¬ 
tions  gliding  on  {I  1  1}  planes  were  generated  in  an  early 
version  of  the  device  at  the  bottom  corners  (TEM  cross 
section  in  Fig.  6a,  planview  image  in  Fig.  6b).  The  device 
consisted  of  long  trenches  with  several  vertical  transis¬ 
tors  on  both  trench  sidewalls.  The  stored  information 
differed  whether  the  gate  was  accomplished  with  poly-Si, 
or  filled  with  tetraethylorthosilicate  (TEOS)  oxide. 
TEOS  also  isolated  the  transistors  in  the  long  trenches. 
First,  the  trenches  were  completely  filled  with  TEOS. 
During  a  successive  anneal,  the  TEOS  became  densified 
and  shrinked  by  approximately  7%.  The  TEOS  was  then 
etched  and  substituted  by  poly-Si  according  to  the 
programming.  The  final  process,  which  did  not  use 
TEOS,  did  not  generate  dislocations.  For  both  cases,  2D 
stress  simulations  with  TSUPREM-4  were  carried  out. 
The  shear  stresses  on  {111}  planes  are  tensile  at  the 
bottom  corners.  The  linescans  of  the  shear  stresses  on 
{111}  planes  (“A”  and  “B"  in  Fig.  6a)  are  plotted  in 
Fig.  6c.  For  the  plane  "A”,  the  stress  is  compressive  in 
the  corner  (-4  x  107Pa)  whereas  for  plane  “B'\  it  is 
tensile  (7  x  107Pa).  The  stresses  at  the  bottom  corners 
are  about  50%  higher  for  the  process  with  TEOS.  For 
the  {1  1  1}  plane  “A’\  a  60"  dislocation  would  come  to 
rest  at  about  400  nm  from  the  trench  corner  when 
considering  a  critical  RSS  of  0.1  -0.6  x  107Pa  for  glide 
on  {111}  [16].  In  case  of  the  {111}  plane  “B*\  the 
resting  distance  would  be  1 50  nm.  This  fits  for  the  closest 


Fig.  6.  (a)  TEM  cross  section  of  a  trench  in  Si  filled  with  poly  Si  and  TEOS.  Dislocations  (arrows)  lie  on  common  {111}  planes  A  and 
B;  (b)  TEM  planview  image  of  a  trench  with  the  generated  dislocations  parallel  to  the  bottom  corner;  (c)  shear  stress  along  (1  1  1}  for 
process  with  (A.  B)  and  without  (A'.  B')  TEOS. 
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dislocations  observed  in  Figs.  6a  and  b  only.  In  this 
situation,  the  nucleation  stress  exceeded  the  critical  RSS 
by  a  factor  of  10. 

In  future,  a  quantification  of  the  local  mechanical 
stresses  becomes  desirable.  This  requires  one  to  predict 
the  stresses  necessary  for  dislocation  nucleation  cor¬ 
rectly  and  to  estimate  the  influence  of  the  nuclei. 
Presently,  efforts  are  being  undertaken  to  measure  the 
local  strains  with  high  spatial  resolution  by  convergent 
beam  electron  diffraction  in  the  TEM  and  comparing 
these  values  with  stress  simulations  [18,19]. 


4.  Conclusion 

The  mechanisms  for  defect  generation  have,  in 
principle,  stayed  the  same  over  the  years,  but  it  becomes 
a  more  complex  and  delicate  matter  to  trace  the  root 
cause  in  today’s  technology.  More  than  ever,  it  is 
important  to  recognize  and  eliminate  the  defects  in  the 
development  or  early  phase  of  production  to  ensure 
economic  yield  and  device  reliability.  Therefore,  a  kind 
of  premonition  system  for  defect  generation  could  be 
envisaged.  It  should  comprise  a  better  understanding  of 
the  various  nuclei  for  defect  generation,  and  of  the 
stresses  occurring  during  processes,  as  well  as  local  stress 
measurement  techniques  with  high  spatial  resolution. 
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Abstract 

Optical  properties  of  a  series  of  semi-insulating  Mn-doped  GaN  co-doped  with  Mg  were  studied  using  photo¬ 
luminescence  (PL).  A  strong  PL  emission  band  at  1.0  eV  was  observed  upon  co-doping.  The  new  band  exhibited  a  rich 
fine  structure  with  peaks  at  1.057,  1.048.  1.035,  1.032,  1.020,  1.014,  1.008,  1.000  and  0.988  +  0.001  eV.  The  integrated  and 
relative  intensities  of  these  lines  varied  as  a  function  of  the  Mn  concentration  and  excitation  source.  The  measured  lumine¬ 
scence  decay  time  was  20-95  ps  and  depended  on  emission  energy.  £'  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Photolumincscence;  Mn  doping 


1.  Introduction 

The  luminescence  properties  of  the  transition  metal 
element  Mn  have  been  widely  studied  in  II1-V  semi¬ 
conductor  compounds  [1-3].  Manganese  preferentially 
incorporates  on  the  metal  site  forming  an  acceptor. 
Photoluminescence  (PL)  studies  have  shown  that  Mn 
can  form  donor-acceptor  pairs  (DAP)  in  these  com¬ 
pounds.  Furthermore,  manganese  has  been  shown  to 
have  intra-atomic  transitions  involving  the  d-shell 
electrons.  The  identification  of  the  specific  transition 
involved  in  optical  spectra  is  often  complicated  by  the 
presence  of  the  two  types  of  transitions  [3,4].  Substitu¬ 
tional  Mn  will  form  the  Mn21  (d5)  and  MnVt  (d4)  states 
if  placed  on  the  cation  site  in  III— V  compounds  [1-4].  It 
has  been  shown  that  three  defect  centers  are  formed  in 
HI— V  semiconductors.  They  are  a  neutral  acceptor,  A° 
(d  ),  an  ionized  acceptor  (when  an  electron  is  captured 
by  the  A°  from  the  valence  band  (VB)),  A  (d5)  and  a 
neutral  acceptor  formed  by  a  complex  with  a  hole,  A° 
(d5  +  h)  [5].  A  negative  acceptor  (A  )  and  complex 
(d5  +  h)  were  observed  for  the  GaAs:Mn,  whereas  the 
A°  and  A“  states  were  detected  in  GaP  [5].  In  GaN,  the 
d5  ion  configuration  was  observed  in  EPR  studies  of 
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unintentionally  doped  [6]  and  intentionally  Mn-doped 
GaN  [7,8]. 

Little  is  known  about  the  Mn-related  optical  emission 
and  absorption  GaN.  It  is  expected  that  the  spin 
forbidden  transition  within  Mn  d5  ion  will  have  low 
intensity  and  long  lifetime.  We  have  recently  investi¬ 
gated  the  absorption  and  PL  spectra  of  Mn-doped 
epitaxial  GaN  [9].  A  weak  broad  band  was  observed  at 
1.25  +  0.02  eV  in  the  PL  spectra  of  Mn-doped  samples 
with  the  full-width  at  half-maximum  (FWHM)  of  250- 
300  meV  for  above  band  gap  excitation.  The  indepen¬ 
dence  of  the  energy  peak  position  of  this  band  with 
temperature  and  a  long  ^8  ms  decay  times  indicated 
that  it  was  likely  related  to  the  spin  forbidden  transition, 
T|-6A|  of  Mn  (d5)  ion  [10].  The  energy  position  for  this 
band  was  similar  to  that  (1.3 eV)  for  4T,-6A,  recombi¬ 
nation  observed  for  FeVi  in  GaN  [11]. 

In  this  paper,  PL  properties  of  the  GaN.  Mn  co¬ 
doped  with  Mg  are  investigated.  A  new  strong  PL  band 
with  a  rich  structure  is  observed  on  the  low  energy  side 
of  the  1.25eV  band  previously  reported  in  Mn-doped 
GaN  samples  [9]. 


2.  Experimental 

The  MOVPE  growth  of  the  Mn-doped  GaN  layers 
has  been  previously  described  [9].  For  the  Mn,  Mg  co- 
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doping  experiments,  the  Mg  source  partial  pressure  was 
0.18  pmol/min1  and  Mn  source  partial  pressure  was 
varied  in  the  broad  range  from  0.02  to  5  pmol/min.  The 
epitaxial  layer  consisted  of  a  20  nm  GaN  nucleation 
layer,  a  500  nm  Mg-doped  (0.03  pmol/min)  layer  grown 
at  1060°C,  and  a  2-2.5  pm  thick  Mn,  Mg  co-doped  layer 
grown  at  1060°C.  As-grown  Mn-Mg  epilayers  had  semi- 
insulating  behavior.  The  Mg  co-doped  samples  were 
annealed  at  850°C  to  produce  p-type  material.  Photo¬ 
luminescence  spectra  were  measured  over  the  spectral 
range  of  0.7-1. 2  eV.  Photoluminescence  was  excited  with 
either  the  325  nm  line  of  a  He-Cd  laser  or  a  semi¬ 
conductor  laser  with  excitation  wavelength  of  973.8  nm. 
The  excitation  densities  of  these  lasers  were  0.32  and 
3  W/cm2,  respectively.  The  PL  signal  was  dispersed  by  a 
Zeiss  monochromator  with  a  resolution  of  2meV  at 
1  pm  and  detected  with  a  high  sensitivity  Ge-detector 
and  a  lock-in  amplifier.  The  sample  temperature  was 
varied  from  20  to  300  K  using  a  closed  cycle  helium 
cryostat.  The  He-Cd  laser  intensity  was  varied  using 
neutral  density  filters  in  the  range  of  2  x  10-3-10  W/cm2. 
All  PL  spectra  were  normalized  to  account  for  the 
spectral  responsivity  of  the  Ge-detector  as  well  as  the 
monochromator.  Transient  PL  decay  curves  were 
excited  using  500  MHz  pulsed  974  nm  laser.  The  system 
resolution  was  limited  by  the  Ge-detector  rise  time  of 
16  ps. 


3.  Results  and  discussion 

A  new  strong  band  with  a  peak  at  approximately 
1 .0  eV  was  observed  in  the  PL  upon  co-doping  with  Mg. 
It  was  composed  of  a  series  of  sharp  lines  with  FWHM 
of  ~3-10meV.  A  PL  spectrum  of  this  fine  structure 
obtained  with  below  band  gap  excitation  (974  nm)  is 
shown  in  Fig.  1.  Note,  however,  that  the  1.25  eY  PL 
band  observed  in  Mn-doped  samples  was  not  detectable 
above  the  excitation  974  nm  laser  noise  suggesting  that 
the  new  sharp  emission  was  activated  in  GaN :  Mn  by 
co-doping  with  Mg.2  The  major  energies  of  the  sharp 
lines  observed  in  the  co-doped  samples  spectra  are 
summarized  in  Table  1.  They  are  at  1.057,  1.048,  1.035, 
1.032,  1.020,  1.014,  1.008,  1.000  and  0.988  +  0.001  eV.  A 
few  weak  transitions  were  also  observed  on  the  lower 
energy  side  of  the  main  band  as  seen  in  Fig.  1 .  This  fine 
structure  was  observed  with  both  extrinsic  and  intrinsic 


1  This  Mg  partial  pressure  was  used  to  achieve 
p  =  2  x  1017cm~3  in  Mn-doped  GaN  [13]. 

2  It  is  important  to  note  that  our  undoped  GaN  samples  did 
not  exhibit  emission  bands  in  the  near  infra-red.  Previously 
observed  Co2  +  ,  (Cr4+/Ti2+)  and  Fe3  +  emission  bands  at  1.047, 

1.19  and  1.3  eV  [1,14]  were  not  detected  in  our  undoped  GaN 
samples.  Therefore,  the  observed  fine  structure  is  specifically 
related  to  the  Mn-Mg  co-doped  samples. 


Energy  (eV) 


Fig.  1.  PL  spectrum  for  one  of  the  co-doped  samples  (RK  340) 
obtained  with  974  nm  excitation  at  20  K.  The  energies  of  the 
fine  structure  are  listed  in  Table  1  for  the  strongest  lines. 

excitation  sources  [12].  It  was  observed  with  above  band 
gap  energies  of  325  nm  He-Cd  laser  as  well  as  below 
band  gap  632.8  and  974  nm  lasers.  The  positions  of  the 
peaks  were  the  same  for  these  excitation  sources. 
However,  the  integrated  and  relative  intensities  varied 
as  a  function  of  the  excitation  wavelength  indicating  that 
each  major  separate  emission  line  is  likely  to  have  its 
own  excitation  spectra. 

To  study  the  effect  of  Mn  concentration  on  the 
integrated  intensity  of  the  1.0  eV  band,  a  series  of  co¬ 
doped  films  were  grown  with  different  Mn  concentra¬ 
tions.  In  this  experiment,  the  Mg  acceptor  concentration 
was  constant,  whereas  the  Mn  concentration  varied.  The 
normalized  PL  spectra  for  this  series  of  samples  are 
shown  in  Fig.  2.  The  integrated  intensity  of  the  1.0  eV 
band  increased  at  first  with  the  increase  of  Mn-partial 
pressure  and  then  decreased  [12].  Note  that  the 
energy  positions  of  the  sharp  emission  lines  were  the 
same  for  these  samples  indicating  that  the  optically 
active  centers  involved  were  of  the  same  nature  in  all 
studied  samples.  However,  relative  intensities  of  these 
lines  varied  as  a  function  of  the  Mn  concentration 
indicating  that  the  concentration  of  the  optically  active 
centers  involved  in  the  separate  sharp  lines  changed  with 
Mn  concentration. 

To  detail  the  nature  of  the  1.0  eV  band  it  was  studied 
as  a  function  of  temperature  and  excitation  intensity. 
Thermal  quenching  of  the  luminescence  was  studied 
under  974  nm  excitation.  All  bands  except  one  were 
thermally  quenched  above  100  K  with  activation  energy 
of  ~70meV  as  shown  in  Fig.  3. 3  The  intensity  of  the 


3  A  slightly  different  activation  energy  of  0.1  eV  was 
calculated  for  the  experimental  data  obtained  under  325  nm 
excitation. 
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Table  1 

Energy  positions  and  lifetimes  of  sharp  peaks  observed  in  Mg  co-dopcd  GaN :  Mn  samples  and  Mn-dopcd  samples  (1.25eV  band) 


Energy  (eV) 

1.057 

1.048 

1.034 

1.032 

1.02 

1.013 

0.988 

0.986 

0.95 

1.25 

T  (MS) 

40 

95 

68 

68 

52 

42 

54 

54 

49 

8000 

Energy  (eV) 


Fig.  2.  Above  band  gap  excited  (325  nm)  PL  spectra  of  co¬ 
doped  samples  at  20  K  grown  with  different  Mn  concentrations. 
The  Mg  partial  pressure  was  constant  (0.18  pmol/min).  The  Mn 
partial  pressures  were  4.54.  1.36,  0.079  and  0.02  pmol/min  for 
samples  RK  341.  RK  340.  RK  338  and  RK  337,  respectively. 


highest  energy  transition  observed  at  1.057eV  first 
increased  from  20  to  100  K  and  then  decreased  with 
the  increase  of  the  temperature,  T  >  100K.  The  increase 
of  1.057eV  band  was  likely  due  to  interactions  with 
phonons.  The  PL  intensity  of  the  lines  comprising  the 
1.0  eV  band  increased  linearly  with  excitation  power  as 
shown  in  Fig.  4  for  selected  transitions  under  325  nm 
excitation.  In  addition,  for  below  band  gap  excitation 
the  intensity  of  the  sharp  structure  linearly  increased 
with  excitation  power  [12]. 

To  determine  whether  these  emission  lines  were 
associated  with  intra-d  shell  transitions,  the  luminescent 
recombination  lifetime  was  measured  on  the  co-doped 
samples.  A  PL  decay  curve  for  transitions  at  1.032eV  is 
shown  in  Fig.  5.  The  PL  intensity  decayed  exponentially 
at  low  temperature  (20  K).  The  decay  time  was  66  ps. 
The  lifetime  of  the  sharp  lines  (40-90  ps)  in  the  co-doped 
samples  was  two  orders  of  magnitude  smaller  than  that 
observed  for  the  characteristic  1.25eV  Mn  band  for  the 
Mn-doped  GaN  samples  [10].  In  this  case,  the  lifetime 
was  of  the  order  of  ~8ms.  Furthermore,  each  emission 
line  had  slightly  different  recombination  lifetime,  as 
shown  in  Table  I.  suggesting  that  emission  lines  in  the 


Fig.  3.  Thermal  quenching  of  the  individual  transitions  of  the 
1.0 eV  band  excited  with  974  nm  excitation. 


Excitation  Power  (W/cm2) 


Fig.  4.  Excitation  intensity  dependence  of  the  PL  intensity  for 
three  sharp  lines  obtained  with  above  band  gap  excitation 
(325  nm)  at  20  K. 


fine  structure  are  associated  with  different  recombina¬ 
tion  centers. 

The  dramatic  change  in  the  luminescence  spectra  of 
Mn  doped  GaN  upon  co-doping  with  Mg  was  un¬ 
expected.  Its  origin  is  not  understood.  Co-doping  with 
Mg  acceptors  may  potentially  lead  to  several  changes  in 
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Time  (msec) 

Fig.  5.  Transient  PL  spectra  of  one  of  the  co-doped  samples 
obtained  at  1.032  eV,  20  K.  The  calculated  exponential  decay 
(66  ps)  is  shown  with  a  solid  line.  System  response  of  16ps  is 
shown  for  comparison. 

the  optical  behavior  of  Mn.  Addition  of  Mg  could  lead 
to  complex  formation.  Furthermore,  interactions  with 
Mg  may  distort  the  Mn-ion  surroundings.  The  altera¬ 
tion  of  the  Mn-ion  (d5)  surroundings  changes  the 
environmental  symmetry  of  Mn  ion  leading  to  the 
breakdown  of  the  selection  rules  by  the  appreciable 
sextet-quartet  mixing  [2,3];  consequently,  the  forbidden 
4T]-6Ai  transition  becomes  allowed.  The  decrease  of  the 
lifetime  for  the  1.0  eV  PL  band  by  two  orders  of 
magnitude  from  8  ms  observed  in  Mn-doped  GaN  seems 
to  support  changes  in  local  symmetry  in  co-doped 
samples.4 

While  co-doping  with  Mg  could  lead  to  changes  in 
local  symmetry,  addition  of  Mg  acceptors  will  also  lower 
the  Fermi  energy,  potentially  leading  to  a  change  in  the 
charge  state  of  Mn.  In  addition,  lowering  of  the  Fermi 
level  will  result  in  increased  compensation  of  the  p- 
doped  GaN  with  donors,  D.  An  alternative  explanation 
is  that  the  observed  fine  structure  could  involve  Mn3  +  -D 
and  Mn2  +  -D  centers.  The  alteration  of  the  Fermi  energy 
upon  co-doping  could  potentially  stabilize  one  of  these 
complexes.  Indeed  a  model  involving  transitions  from 
Cr3  +  -D  to  Cr2+-D  was  proposed  to  explain  the  fine 
structure  consisting  of  19  lines  observed  in  absorption 
spectrum  of  Cr  in  GaAs  [4]. 


4  The  fact  that  the  observed  fine  structure  in  co-doped  GaN  is 
formed  on  the  low  energy  side  of  the  1.25  eV  band  in  GaN :  Mn 
can  be  explained  by  the  fact  that  in  the  moderately  doped 
GaN:Mn,  two  exponential  decays  were  observed  with  the 
lifetime  of  200  ps  centered  at  1.38  + 0.02 eV  and  8  ms  centered  at 
1.1+0.05  eV  [9,14].  The  last  transition  was  assigned  to  4Tj— 4A1 
recombination  of  Mn  in  GaN. 


4.  Conclusions 

In  conclusion,  the  luminescent  properties  of  semi- 
insulating  Mn-doped  GaN  co-doped  with  Mg  were 
studied.  Upon  co-doping,  a  strong  PL  band  at  1.0  eV 
was  observed.  The  PL  band  displayed  a  rich  fine 
structure  at  low  temperature.  It  is  comprised  of  at  least 
10  emission  lines  separated  by  2-10  me V.  The  FWHM 
of  these  lines  varied  from  3  to  10  meV  and  was  limited  by 
the  resolution  of  the  monochromator.  Transient  spectro¬ 
scopy  measurements  indicated  the  1.0  eV  PL  band 
decayed  exponentially  with  a  lifetime  of  20-90  ps.  The 
measured  lifetimes  were  at  least  two  orders  of  magnitude 
shorter  than  that  observed  for  the  4Ti~6A!  transition  at 
1 .25  eV  in  Mn-doped  GaN. 
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Abstract 

Rare  earth  (RE)  ions  implanted  GaN  films  were  studied  by  optical  spectroscopy  and  RBS  techniques.  Sharp  emission 
lines  due  to  intra-4f,!  shell  transitions  can  be  observed  even  at  room  temperature  for  the  Eu3  4  and  Pr3'".  The 
photoluminescence  spectra  recorded  by  the  above  band  gap  excitation  reveal  dominant  transitions  due  to  the 
D0— ►  Fj  2.3  lines  at  6004,  6211  and  6632  A  for  the  Eu3  *  and  3Po.i  — ►3F2.3  at  6450  and  6518  A,  respectively,  for 
the  Pr  .  We  report  on  the  temperature  dependence  of  the  intra-ionic  emissions  as  well  as  on  the  lattice  site  location  of 
the  RE  detailed  angular  scans  through  the  <0001)  and  <10l  1)  axial  directions;  which  indicates  that  for  Pr. 
complete  substitutionality  on  the  Ga  sites  was  achieved  while  for  Eu  a  Ga  displaced  site  was  found,  (f:  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Implantation;  PL:  RBS 


1.  Introduction 

Eu34  and  Pr3'4  are  known  to  be  efficient  activators 
in  several  hosts  giving  rise  to  strong  red  luminescence 
from  the  :>D./-+7Fj  and  3P/-»3F/  multiplets,  respectively 

[Ml]- 

It  is  known  that  these  rare  earth  (RE)  ions  can  be 
incorporated  into  the  GaN  samples  either  by  the  in- 
grown  process  [12-16]  or  the  ion  implantation  technique 
[17-22].  Its  narrow  emission  lines  associated  with  the 
weak  dependence  of  intensity  on  temperature  put  into 
evidence  the  possibility  of  achieving  full  color  display 
devices  based  on  the  GaN  using  the  intra-4f"  transitions 
from  the  RE  ions,  where  Eu3  4  or  Pr3  4  stands  for  the 
red  emission.  Er3  *  for  the  green  and  Tm3 :  or  Ce3  4  for 
the  blue  [13-16,23].  Actually,  yellow  and  orange 
emissions  were  achieved  from  the  ELDs  fabricated  on 
the  GaN  films  codoped  with  Er  and  Eu  [16].  Despite  the 
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progress  made  in  the  GaN  devices  doped  with  the  RE 
ions,  the  fundamental  properties  of  intra-ionic  lumines¬ 
cence  are  far  to  be  exploited. 

In  this  work,  we  focus  on  the  photoluminescence  (PL) 
and  RBS  studies  of  the  Eu  and  Pr  implanted  GaN 
samples.  From  the  experimental  data,  the  site  symmetry 
of  the  RE  ions  in  the  GaN  is  discussed  and  a  tentative 
assignment  of  the  emission  levels  is  made. 


2.  Experimental 

The  wurtzite  undoped  (//<5x  10!6cm“3)  GaN  layers 
were  epitaxially  grown  by  Metal  Organic  Chemical 
Vapor  Deposition  on  c-plane  sapphire  substrates  with  a 
thickness  of  1 .3  pm.  The  Eu3  '  and  Pr3  *  were  implanted 
at  room  temperature  with  an  energy  of  160  keV  and  at 
doses  of  D  =  5  x  10l4cm  2.  The  measured  implantation 
ranges  were  determined  to  be  40  nm.  The  samples  were 
annealed  in  a  rapid  thermal  annealing  apparatus 
between  graphite  strips  under  flowing  N2  gas  at 
1 000°C  for  120  s.  The  RBS/channelling  studies  were 
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performed  with  a  1  mm  diameter  collimated  beam  of 
2MeV  He+  ions.  The  backscattered  particles  were 
detected  at  140°  and  close  to  180°  with  respect  to  the 
incoming  beam  direction  using  silicon  surface  barrier 
detectors  with  the  resolutions  13  and  16keV,  respec¬ 
tively.  Full  angular  scans  were  carried  out  across  the 
<0001)  and  the  <  1  0  1 1 )  axial  directions  using  a  two- 
axis  goniometer. 

The  PL  measurements  were  carried  out  with  a  325  nm 
CW  He-Cd  laser  and  the  excitation  power  density  was 
typically  less  than  0.6  Wcm-2.  A  325  nm  band  pass  filter 
was  used  to  attenuate  lines  other  than  the  325  nm  laser 
line  and  a  low  pass  sharp  cutoff  filter  was  used  to  stop 
the  laser  light.  The  PL  was  measured  at  temperatures 
between  14  and  300  K  using  a  closed  cycle  helium 
cryostat.  The  luminescence  was  dispersed  by  a  Spex  1704 
monochromator  (lm,  1200mm-1)  and  detected  by  a 
cooled  Hamamatsu  R928  photomultiplier. 

The  Raman  spectra  were  obtained  at  room  tempera¬ 
ture  in  a  Jobin  Yvon — Spex  T64000  using  the  514.5  nm 
line  of  an  Ar  ion  laser  as  excitation  source. 


3.  Results  and  discussion 

In  Fig.  1,  a  comparison  between  the  visible  intra-4f6 
luminescence  observed  in  the  Eu3  +  implanted  GaN  and 
in-grown  doped  samples  is  shown.  The  PL  spectra  were 
obtained  by  the  above  band  gap  excitation  at  14K.  The 
:,D0~>7F2  transition  produces  the  strongest  emission 
lines,  either  at  14  K  or  at  room  temperature,  for  both 
samples.  Minor  lines  are  observed  in  the  studied  spectral 
range.  The  lines  were  tentatively  assigned  to  different 
5D0  |  ->7F0,i. 2,3.4  transitions  in  accordance  with  the 
previous  results  for  the  Eu3+  in  several  hosts  [3-12, 
14-16].  One  of  the  main  features  concerning  the  two 
emission  spectra  is  the  appearance  of  the  forbidden 
5D0->-7Fo  transition  in  the  in-grown  sample,  due  to 
admixture  with  other  J  levels,  being  undetected  in  the 
implanted  sample. 

It  has  been  pointed  out  that  the  trivalent  RE  ions  in 
the  GaN  assume  a  substitutional  Ga  site  being  in  a 
relaxed  C3v  symmetry  [9,17].  In  accordance  with  this  site 
symmetry,  the  state  with  J  =  2  splits  into  a  nondegene¬ 
rate  A  level  and  a  two-fold  degenerated  E  level.  Even 
in  this  site  symmetry,  three  lines  for  the  5D0->7F2 
transition  have  been  reported  [11]  due  to  further 
splitting  of  the  E  level.  The  PL  spectra  put  in  evidence 
that  in  both  samples,  the  ion  must  be  in  a  lower  site 
symmetry  than  the  referred  trigonal  symmetry  [9,17]  as 
observed  by  a  closer  view  of  the  5D0-»7F2  emission 
in  the  implanted  sample  (inset  (b)  of  Fig.  1)  and  in  the 
in-grown  sample,  where  a  total  lift  of  the 
/-degeneracy  of  the  multi plets  can  be  seen.  The  likely 
candidates  for  the  lower  site  symmetry  of  the  RE 
ions  are  C2,  Q,  Ci,  C2v,  D2,  D2h,  C2h  and  Cih  site 


GaN:Eu  implanted  14K 


i.o  4 
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Fig.  1.  The  PL  spectra  of  the  implanted  and  in-grown  GaN 
samples  obtained  by  the  He-Cd  excitation  at  14K.  In  the  inset 
(a)  of  the  upper  picture,  a  high  resolution  of  the  5D0-»7F2 
transition  for  the  implanted  sample  is  present.  The  inset  (b) 
shows  the  dependence  of  the  integrated  intensity  on  the 
temperature  for  this  transition,  obtained  under  constant 
illumination. 

symmetries.  However,  from  the  fact  that  the  5D0->-7F2 
transition  is  the  strongest  one,  we  can  exclude  the 
hypothesis  that  the  ion  is  located  in  sites  with  inversion 
symmetry  in  both  samples.  This  fact  associated  with  the 
missing  of  the  5D0->7F0  transition  in  the  implanted 
sample  allows  one  to  tentatively  assign  the  ion  site 
symmetry  to  the  D2  point  group.  Some  of  the  observed 
lines  in  the  PL  spectra  cannot  be  directly  assigned  to  the 
intra-4f6  transitions.  They  are  probably  either  due  to 
the  anti-Stokes  luminescence  or  cooperative  vibronic 
transitions  as  being  currently  observed  for  the  triply 
ionized  RE  ions  in  several  hosts,  even  at  low  tempera¬ 
tures  [24-31]. 

The  Raman  spectra  performed  in  a  z(x  x)z  configura¬ 
tion  at  room  temperature  for  both  implanted  samples 
(Eu  and  Pr)  presents,  besides  the  characteristics  E2  and 
A^LO)  of  the  GaN  lattice,  two  local  modes  at  362  and 
380  cm-1  as  previously  observed  in  the  implanted 
samples  [32].  In  order  to  test  if  they  are  related  to 
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6400  6500  6600  6700  6800 

Wavelength  (A) 

Fig.  2.  The  PL  spectra  of  the  Pr  implanted  GaN  sample 
obtained  by  the  He-Cd  excitation  at  14  K.  In  the  inset  (a),  the 
dependence  of  the  integrated  intensity  on  temperature,  obtained 
under  constant  illumination,  for  the  3P0  — ►  3F2  transition  is 
shown.  The  inset  (b)  shows  the  Raman  spectra  of  the  Eu  and  Pr 
implanted  samples. 


vibronic  transitions,  excitation  luminescence  (PLE) 
studies  will  be  done. 

In  the  inset  (b)  of  Fig.  1,  the  dependence  of  the  PL 
integrated  intensity  with  the  temperature  for  the 
5D0->'F2  transition  is  shown.  The  intensity  decreases 
near  one  order  of  magnitude  in  the  studied  temperature 
range. 

Similar  spectroscopic  studies  were  performed  for  the 
Pr  implanted  GaN  samples.  The  PL  spectra  obtained  by 
the  above  band  gap  excitation  at  14  K  are  shown  in 
Fig.  2.  The  dependence  of  the  PL  integrated  intensity 


with  the  temperature  of  the  3Pn->3F2  transition,  as  well 
as  the  previously  mentioned  Raman  spectra  of  both 
implanted  samples,  are  added. 

The  strongest  emission  lines  are  identical  to  those 
previously  observed  by  several  authors  for  the  3P0-»3F2 
transition  [18,19,21]  indicating  that  the  Pr  1  ion  is  in 
C3v  symmetry.  The  lines  are  slightly  displaced  in  energy 
and  they  are  sharper  than  those  previously  reported  [21]. 
Similar  to  the  Eu3 !  luminescence,  the  dependence  of  the 
integrated  intensity  on  the  temperature  for  the  3P0->3F2 
transition  decreases  near  one  order  of  magnitude  in  the 
studied  temperature  range  (inset  (a)  of  Fig.  2). 

The  lattice  site  location  of  the  Pr  and  Eu  was  done 
performing  detailed  angular  scans  through  the  <0001) 
and  <  1  0  I  1  )  axes.  For  the  <000  1  )  axis,  both  the  Pr 
and  Eu  curves  coincide  with  the  Ga  one  (not  shown) 
indicating  that  the  RE  are  located  along  this  direction 
[33].  However,  for  the  <  1  0  I  1 )  axis,  while  the  Pr  and 
Ga  curves  nearly  overlap,  the  Eu  curve  is  narrower,  as 
shown  in  Fig.  3.  This  fact  indicates  that  the  Eu  ions  are 
displaced  towards  the  middle  of  the  <  1  0 1  1  >  axis. 
According  to  the  simulations  [33],  the  curve  can  be  well 
reproduced  by  a  displacement  of  0.2  A  along  the 
<0001)  axis.  The  RBS/C  data  put  in  evidence  that 
the  Eu3 1  is  in  a  Ga  displaced  site.  This  is  in  accordance 
with  a  lower  site  symmetry  for  the  RE  ion. 


4.  Conclusions 

The  PL  and  RBS  analyses  were  made  in  the  Eu  and 
Pr  implanted  GaN  samples.  The  results  indicate 
that  the  Eu3 !  is  in  lower  site  symmetry  than  trigonal 
C3v  symmetry  both  in  the  implanted  and  in-grown 
samples.  In  the  last  one,  more  than  one  environment  for 


-2*1012  -2-1012 
angle  (deg)  angle  (deg) 


Fig.  3.  The  angular  scans  along  the  <  1  0  I  l  >  direction  for  the  GaN  films  implanted  with  the  Pr  (left)  and  Eu  (right)  after  annealing  at 
1000' C  for  120  s.  Both  samples  were  implanted  with  a  nominal  dose  of  5  x  10l4cm  2. 
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the  Eu3  +  may  coexist.  For  the  Pr  implanted  samples,  the 
data  pointed  to  a  substitutionality  of  the  ion  in  the  Ga 
sites.  For  both  implanted  ions,  a  decrease  close  to  one 
order  of  magnitude  for  the  integrated  intensity  depen¬ 
dence  on  temperature  is  observed.  Some  of  the  observed 
PL  lines  are  probably  due  to  cooperative  vibronic 
transition.  In  order  to  get  further  information  on  the 
nature  of  these  emission  lines,  the  PLE  measurements 
are  under  way. 
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Abstract 

The  defect  structure  of  oxygen-doped  GaN  grown  by  MOVPE  was  investigated.  At  high  oxygen  pressures,  a  super-linear 
increase  of  electron  concentration  as  a  function  of  partial  pressure  was  observed.  Electron  concentrations  as  high  as 
7  x  10  cm  '  were  measured.  Formation  of  micropits  was  observed  by  scanning  electron  microscopy  in  heavily  doped 
samples.  Cross-sectional  transmission  electron  microscopy  studies  indicated  the  presence  of  epitaxial  precipitates  located  on 
the  cavity  surface.  The  precipitates  are  believed  to  be  related  to  gallium  oxide.  Using  spatially  resolved  photoluminescence 
(PL),  a  broad  PL  band  at  3.56 eV  was  observed  near  the  micropit  regions.  The  band  was  attributed  to  free-electron 
recombination  from  the  highly  degenerate  areas  associated  with  oxygen,  (n  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Oxygen  is  known  as  a  potential  source  of  residual 
donors  in  GaN,  although  its  doping  behavior  is  not  well 
understood  [1-4].  The  electrical  properties  of  oxygen 
donors  in  GaN  are  somewhat  controversial.  Ionization 
energy  values  have  ranged  from  4  to  75meV  as 
determined  by  Hall-effect  and  optical  measurements 
[1,5-8].  This  large  variation  can  be  partially  attributed  to 
difficulties  in  their  determination  from  Hall  effect, 
presumably  due  to  sample  dopant  inhomogeneities.  A 
low  temperature-conductivity  tail  is  observed  even  in 
moderately  doped  GaN :  O  [8,9],  which  complicates 
calculations.  Two  possible  explanations  that  account 
for  this  effect  are  the  presence  of  a  high  conductivity 
layer  at  the  layer  substrate  interface  [10]  or  the 
formation  of  an  impurity  band  [7].  SIMS  studies 
corroborate  the  former  model,  since  large  concentra¬ 
tions  of  oxygen  were  observed  within  the  first  micron  of 
the  GaN  film  [11], 
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While  it  is  now  generally  believed  that  oxygen  is  the 
shallow  donor  often  responsible  for  the  high  residual 
background  n-type  conductivity  in  GaN,  there  are  still 
unanswered  questions  regarding  its  incorporation.  For 
example,  we  previously  demonstrated  that  the  electron 
concentration,  n,  increased  with  increasing  partial 
pressure  of  oxygen  as  the  square  root  from  1  x  1017  to 
8  x  1018cm  *  [8].  However,  it  was  also  observed  that  the 
electron  concentration  increased  super-linearly  at  higher 
oxygen  partial  pressures.  In  this  paper,  we  present 
structural,  optical,  and  electrical  characterization  of 
heavily  oxygen-doped  epilayers.  Hexagonal  surface 
microcavities  (micropits)  are  formed  on  the  surface  of 
heavily  oxygen-doped  samples  with  n  >  10,9cm~-\  Spa¬ 
tially  resolved  photoluminescence  (PL)  data  provide 
evidence  that  the  observed  emission  band  at  3.56  eV  is 
associated  with  oxygen  doping  and  the  presence  of 
micropits. 


2.  Experimental 

Oxygen-doped  GaN  epilayers  were  grown  by 
MOVPE,  as  described  elsewhere  [8].  In  brief,  after 
deposition  of  the  GaN  buffer  layer  at  600:C,  the 
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temperature  was  ramped  to  1060°C  and  50  nm  of 
undoped  GaN  was  deposited.  This  step  was  followed 
by  the  deposition  of  2  pm  of  oxygen-doped  GaN. 
Scanning  electron  microscopy  (SEM)  images  were  taken 
using  a  Hitachi  S-4500  microscope.  Typical  operating 
conditions  were  5-20  kV,  with  a  magnification  of  50- 
30,000  x  .  High-resolution  TEM  was  carried  out  with  a 
Hitachi  HF-2000  cold  field  emission  microscope  operat¬ 
ing  at  200  kV.  The  PL  measurement  setup  was  pre¬ 
viously  described  [12].  He-Cd  laser  excitation  was  used. 
For  spatially  resolved  measurements,  the  laser  was 
focussed  to  a  spot  size  of  20  pm. 


3.  Results  and  discussion 

The  surface  morphology  of  deliberately  oxygen-doped 
GaN  was  investigated.  The  surface  of  as-grown, 
undoped  GaN  films  as  seen  in  Fig.  1(a)  is  featureless 
when  grown  at  high  temperatures  (1000-1070°C).  As  the 
partial  pressure  of  oxygen  is  increased,  the  surface 
morphology  remains  unchanged  for  carrier  concentra¬ 
tion  <1019cm“\  At  this  concentration,  hexagonal¬ 
shaped  microcavities  are  formed  on  the  surface,  as  seen 
in  Figs.  1(b)  and  (c).  The  concentration  of  the  pits 
increased  with  free  electron  concentration,  as  seen  by 
comparing  Figs.  1(b)  and  (c),  indicating  that  the 
formation  of  these  surface  microcavities  was  oxygen- 
related.  The  surface  of  the  oxygen-doped  sample  with  a 
RT  electron  concentration  of  7  x  1019cm“3  was  rough 
and  completely  covered  with  pits.  A  high-magnification 
SEM  image  of  one  of  the  microcavities  is  shown  in 
Fig.  1(d). 


Fig.  1 .  SEM  planar  view  image  of  oxygen-doped  samples  with 
(a) «  =  8  x  1018,  (b)  2.1  x  1019,  (c)  1.1  x  1019cm"3  and  (d)  high- 
resolution  image  of  the  pit. 


Table  1 

Electrical  properties  of  GaN :  O  films 


Sample 

P  (o2) 

(Pa) 

T 

(K) 

nh3 

(seem) 

n  x  1018 
(cm"3) 

RK120 

0 

1333 

1400 

0.1 

RK216 

0.4 

1333 

1400 

1.8 

RK213 

6.2 

1333 

1400 

16 

RK217 

12.1 

1333 

1400 

29 

RK234 

10.3 

1333 

940 

20 

RK232 

10.3 

1273 

1400 

61 

JG125 
(GaN:  Si) 

0 

1333 

1400 

30 

Particle 

phase  ’  GaN 


Fig.  2.  (a)  XTEM  micrograph  of  GaN  films  grown  on  sapphire 
showing  O-doping  induced  pits,  (sample  RK234,  n  = 
2x  1019cm-3);  (b)  high-resolution  XTEM  image  of  a  deep 
pit,  with  visible  precipitate  formation  on  the  sidewalls;  (c)  SAD 
pattern  of  circled  region  of  (b)  that  includes  the  Al203/GaN/ 
particle  interface. 


To  determine  the  structure  of  the  microcavities,  TEM 
studies  of  highly  oxygen-doped  layers  were  conducted. 
A  cross-sectional  micrograph  of  a  highly  oxygen-doped 
sample  RK234  (see  Table  1)  is  shown  in  Fig.  2(a).  It 
shows  two  pieces  of  a  GaN  sample  grown  on  sapphire 
attached  to  each  other  by  glue  introduced  during  TEM 
sample  preparation.  Several  pits  are  evident  at  the 
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surface  of  the  GaN  films.  The  depth  of  the  pits  varied, 
with  some  pits  originating  at  the  buffer  layer  surface.  At 
the  same  time,  several  pits  that  nucleated  during  later 
stages  of  the  GaN  growth  were  also  observed.  Interest¬ 
ingly,  a  new  epitaxial  compound  in  the  form  of  grains 
was  observed  on  the  pit  surface  (Fig.  2(b)).  The  structure 
of  these  grains  was  analyzed  and  compared  to  bulk  GaN 
using  selective  area  diffraction  (SAD)  patterns  as  shown 
in  Fig.  2(c).  Based  on  the  fact  that  the  SAD  pattern  of 
the  grain  regions  was  aligned  in  the  same  crystal¬ 
lographic  direction  as  the  GaN,  it  was  concluded  that 
these  grains  formed  a  textured  epitaxial  arrangement 
with  GaN.  The  detailed  work  will  be  published  else¬ 
where  [13.14].  However,  as  to  the  identification  of  this 
second  phase,  we  propose  that  it  is  likely  a  gallium  oxide 
phase  such  as  Ga203  or  GaNvO| ...  v.  The  formation  of  a 
second  phase  of  oxide  at  high  partial  pressures  of  oxygen 
is  predicted  from  thermodynamic  calculations  [3].  The 
present  study  indicates  that  the  solubility  limit  of  oxygen 
in  epitaxial  GaN  is  of  the  order  of  1  x  1019cm  \ 

PL  measurements  at  20  K  were  conducted  on  heavily 
oxygen-doped  GaN  layers  to  determine  whether  or  not 
oxygen  introduces  radiative  centers.  The  samples  studied 
are  summarized  in  Table  1.  A  PL  spectrum  of  a 
moderately  O-doped  sample  (RK216)  is  shown  in 
Fig.  3  for  comparison.  It  consists  of  a  strong  donor- 
bound  exciton  (DBE)  (FWHM  =  5meV)  PL  band 
located  at  3.482  eV  with  a  smaller  shoulder  of  the  free 
exciton  (FE)  at  3.49  eV,  and  so-called  two-electron 
transitions  at  3.458  and  3.463  eV,  respectively.  The 
exciton  transitions  are  assigned  by  comparing  their 
temperature-quenching  behavior,  and  are  in  line  with 
earlier  results  [5].  In  heavily  oxygen-doped  samples,  two 
DBEs  were  observed  as  shown  in  Fig.  3.  The  most 
intense  exciton  transition  was  at  3.482  eV  for  O-doped 


Energy  (eV) 

Fig.  3.  PL  spectra  of  oxygen-doped  and  undopcd  samples  at 
20  K.  Two  DBEs  transitions  arc  shown  with  arrows  for  the 
sample  grown  with  different  oxygen  partial  pressures  (see 
Table  1). 


samples  with  n<  \  x  I0l9cm“\  and  at  3.472eV  for  the 
samples  with  higher  electron  concentrations.  Since  the 
intensity  ratio  of  the  DBE  transition  at  3.482 eV  to  the 
FE  transition  was  independent  of  partial  pressure  of 
oxygen,  it  was  concluded  that  it  did  not  involve  an 
oxygen-bound  exciton.  In  contrast,  the  relative  PL 
intensity  of  the  3.472  eV  DBE  to  the  FE  peak  increased 
with  partial  pressure  of  oxygen  as  seen  in  Fig.  3. 
Therefore,  we  attribute  the  PL  peak  at  3.472 eV  to  an 
oxygen-related  bound  exciton. 

The  PL  spectrum  of  a  highly  oxygen-doped 
(2xlOlycm  ?)  sample  also  exhibited  a  broad  band 
extending  to  energies  above  the  band  gap  in  addition  to 
the  FE,  DBE  and  ABE  transitions.  The  band  was 
observed  above  band  gap  as  a  shoulder  to  the  FE  and 
DBE  transitions  at  3.56  eV,  as  seen  in  Figs.  3  and  4.  The 
intensity  of  this  band  increased  with  increasing  partial 
pressure  of  oxygen,  indicating  that  it  was  sensitive  to  the 
incorporation  of  oxygen  in  the  film.  As  seen  from  this 
figure,  the  3.56 eV  band  broadened  when  the  electron 
concentration  was  increased  (Table  1).  However,  no 
separate  peak  was  observed,  even  at  the  highest  electron 
concentration  (RK232).  The  3.56  eV  band  was  only 
observed  in  heavily  O-doped  samples  with  electron 
concentrations  higher  than  10,9cm~\  We  propose  that 
the  3.56 eV  band  observed  in  highly  oxygen-doped 
samples  is  due  to  free  electron  recombination. 

To  identify  the  origin  of  this  band  in  highly  oxygen- 
doped  samples,  spatially  resolved  PL  experiments  were 
conducted.1  It  can  be  seen  in  Fig.  4  that  the  intensity  of 
the  3.56  eV  band  is  higher  in  the  pit  regions  than  in 
nearly  pit-free  areas.  Therefore,  the  3.56  eV  band  PL  is 
associated  with  the  regions  covered  by  hexagonal  pits. 
The  degenerate  regions  are  formed  in  the  vicinity  of  the 
hexagonal  pits  in  agreement  with  spatially  resolved  PL, 
SEM,  TEM  and  SIMS  data.  A  similar  broad,  asym¬ 
metric  band  was  previously  observed  in  HVPE-grown, 
undoped  GaN.  In  that  case,  it  was  related  to  localized 
degenerate  regions  using  spatially  resolved  cathodolu- 
minescence  [15]. 


4.  Conclusions 

In  this  work,  we  have  presented  a  study  of  heavily 
oxygen-doped  GaN  films  grown  by  MOVPE.  For  higher 
electron  donor  concentrations,  n  >  10,9cm  \  the  for¬ 
mation  of  surface  microcavities  or  micropits  was 
observed.  The  pits  were  associated  with  oxide  micro¬ 
precipitates.  These  studies  indicate  that  the  solubility  of 
oxygen  in  GaN  is  limited  by  the  formation  of  Ga203- 


1  Hexagonal  shaped  pits  and  clusters  can  be  observed  with  the 
help  of  optical  microscopy.  The  He-Cd  laser  beam  was  focused 
(<7~20pm)  both  on  the  nearly  pit-free  regions  (b  in  Fig.  4)  and 
pit-clusters  (a  in  Fig.  4). 
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Fig.  4.  LT  PL  spectra  of  nearly  pit-free  (RK217a)  and  pit- 
covered  (RK217b)  surface  of  highly  oxygen-doped 
(2.9  x  10,9cm-3)  sample.  The  spectra  of  an  undoped  sample 
(RK120)  and  a  highly  Si-doped  sample  (JG125)  are  shown  for 
comparison. 

related  precipitates.  Using  spatially  resolved  PL  mea¬ 
surements,  these  micropit  regions  were  correlated  with 
the  3.56eV  band  due  to  free  electron  recombination  in 
degenerate  regions.  These  structural  defects  are  likely 
responsible  for  the  low  mobility  of  the  highly  oxygen- 
doped  layers. 
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Abstract 

In  this  paper,  the  optical  absorption  and  photoluminescence  spectra  of  semi-insulating  Mn-doped  GaN  films  were 
studied.  Two  characteristic  bands  were  observed  in  the  absorption  spectra  of  Mn-doped  epilayers  at  300  K.  The 
integrated  intensities  of  these  bands  increased  with  increasing  Mn  concentration  indicating  that  they  were  Mn-related. 
An  analysis  of  the  temperature  behavior  of  the  absorption  band  with  a  maximum  at  1.5  eV  indicated  that  it  involved  a 
free  to  bound  transition  from  the  valence  band  to  the  deep  Mn-acceptor  level.  Photoluminescence  measurements  of  Mn- 
doped  films  indicated  the  presence  of  an  intra  3d-shell  transition  of  the  Mn  ion.  The  luminescence  band  at  1.25  +  0.02eV 
is  tentatively  attributed  to  the  4Tj(G)-*6A](S)  transition.  (C  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Gallium  nitride:  Transition  metals:  Manganese;  Absorption 


1.  Introduction 

Manganese  has  extensively  been  studied  as  a  dopant 
in  II— VI  [1]  and  III— V  [2,3]  materials  for  optical 
applications  [3].  The  features  of  the  optical  spectra  of 
Mn-doped  films  have  usually  been  assigned  to  internal 
3d-shell  transitions  within  the  Mn  ion.  The  free  Mn2 ! 
ion  with  d5  electron  configuration  has  a  AS  ground  and  a 
4G  first  excited  state  [2].  A  crystal  field  of  trigonal 
symmetry  in  the  wurtzite  structure  leads  to  the  splitting 
of  the  4G  excited  state  into  three  states,  4Th  4T2  and 
4Aj,  (from  the  lowest  to  the  highest  energy)  [4-7].  The 
ground  state  of  the  Mn  ion.  6A1?  is  unaffected  by  the 
crystal  field.  Therefore,  a  series  of  transitions  including 
6Ai-4Th  6Ai-4T2  and  6A|-4Aj  are  often  observed  in 
absorption  for  Mn  in  wide  gap  hosts. 

Manganese  has  been  shown  to  form  an  acceptor  level 
when  it  substitutes  in  the  group-III  metal  site  [2].  The 
binding  energy  of  the  Mn  acceptor  varies  from  1 13  meV 
in  GaAs  to  400  meV  in  GaP  and  InP  [2,3,8].  The  binding 
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energies  of  Mn  were  found  to  follow  a  universal  trend 
[9],  Caldas  et  al.  indicated  that  the  transition  metal 
binding  energies  are  referenced  to  the  vacuum  level  and 
independent  of  the  band  edges  of  the  host  crystal  [9]. 

The  behavior  of  Mn  in  GaN  has  received  limited 
attention  [10].  However,  electron  paramagnetic  resonance 
(EPR)  studies  of  residual  Mn  impurities  in  GaN  grown 
by  the  sublimation  ‘sandwich  method’  [11]  and  GaMnN 
grown  by  the  ammonothermal  method  [12]  unambigu¬ 
ously  identified  the  presence  of  the  Mn2'1  d"  ion. 
Furthermore.  Raman  scattering  studies  of  GaMnN 
observed  new  bands  around  300  and  667  cm”1  [12].  We 
previously  reported  our  preliminary  data  on  the  absorp¬ 
tion  and  PL  spectra  of  deliberately  Mn-doped  GaN 
grown  by  metal  organic  vapor  phase  epitaxy  (MOVPE) 
[13,14].  It  was  shown  that  Mn  introduced  two  well- 
resolved  characteristic  absorption  bands  in  the  GaN  thin 
films.  In  this  paper,  the  optical  properties  of  a  series  of 
GaN  samples  deliberately  doped  with  Mn  are  reported. 


2.  Experimental 

The  MOVPE  growth  of  Mn-doped  GaN  layers  has 
been  previously  described  [13].  Optical  absorption- 
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reflection  measurements  at  room  temperature  and  in  the 
300-1200  nm  range  were  performed  using  a  Cary-500 
spectrometer.  Absorption  spectra  at  20-300  K  were 
measured  in  the  range  0.8-1.63  eV  using  a  quartz 
halogen  lamp  and  Zeiss  monochromator  with  a  resolu¬ 
tion  of  1.5  nm  at  1pm.  A  Ge-detector  was  used  to 
measure  transmittance  of  the  sample.  All  absorption 
spectra  were  normalized  to  account  for  the  spectral 
responsivity  of  the  lamp  and  Ge-detector  as  well  as  the 
monochromator.  Transient  PL  decay  curves  were 
excited  using  20  Hz,  4  ns  pulses  of  N2  laser  with  an 
excitation  energy  of  3.68  eV.  The  signal  was  detected 
using  a  Hammamatsu  photomultiplier  tube  (R632)  with 
a  rise  time  of  9  ns. 


3.  Results  and  discussion 

The  normalized  reflectance  spectra  of  a  series  of 
undoped  and  Mn-doped  samples  at  room  temperature 
are  shown  in  Fig.  1 .  The  studied  samples  are  reported  in 
Table  1.  It  can  be  seen  from  Fig.  1  that  in  addition  to  the 
characteristic  band  gap  absorption  at  3.4  eV,  observed  in 
the  undoped  sample,  two  new  well-resolved  bands  have 
been  observed  for  the  Mn-doped  samples.  The  first  band 
has  a  minimum  at  1.5±0.02eV  with  a  full  width  half 
maximum  (FWHM)  of  370  meV.  The  second  band  has 
an  onset  at  2.0  eV  and  a  minimum  at  2.8  ±  0.05  eV.  Its 
asymmetrical  shape  indicates  that  it  may  be  comprised 
of  two  separate  bands.  The  absolute  intensities  of  these 
two  bands  increase  systematically  with  an  increase  of  the 
Mn  dopant,  indicating  that  they  are  Mn-related. 


Fig.  1.  Room  temperature  reflectance  spectra  of  undoped,  and 
a  series  of  Mn-doped  samples  (Table  1).  Two  new  transitions  at 
1.5  and  2.9  eV  observed  in  Mn-doped  samples  are  labeled  with 
arrows. 


Table  1 


Absorption  coefficients  and  resistivities  of  undoped  and  Mn- 
doped  films  at  T  =  296  K 


Sample  # 

Mn 

(pmol/min) 

Resistivity 
(Q  cm) 

a  (2.9  eV) 
(cm"') 

a  (1.5  eV) 
(cm-1) 

JG38 

12.7 

>100 

3688 

1405 

JG40 

7.6 

>100 

3232 

1221 

RK342 

4.5 

>100 

1076 

330 

RK326 

Undoped 

0.1 

__ 

— 

Fig.  2.  Absorption  coefficient  as  a  function  of  energy  for  a 
series  of  undoped  and  Mn-doped  samples  listed  in  Table  1 .  The 
dashed  line  is  a  calculated  fit  using  an  ionization  energy  of 
2.  leV. 


To  determine  the  absorption  coefficient  of  Mn-doped 
GaN  films,  polarized  (Elc)  transmission  and  reflec¬ 
tion  spectra  were  measured  at  295  K.  The  absorption 
coefficient  was  calculated  based  on  these  measurements 
[13].  The  dependence  of  the  absorption  coefficient  as  a 
function  of  energy  for  undoped  and  a  series  of  Mn- 
doped  epilayers  is  shown  in  Fig.  2.  The  maximum  values 
of  the  absorption  coefficient  for  the  observed  bands  are 
also  presented  in  Table  1.  The  nominally  undoped  GaN 
film  is  transparent  in  the  visible  region  with  the  band 
edge  absorption  onset  at  Eg~  3.42  ±  0.02  eV  at  room 
temperature.  However,  two  absorption  bands  are 
formed  in  Mn-doped  GaN.  The  first  band  has  an  onset 
at  1.4eV  and  a  maximum  at  1.5  +  0.01  meV.  This  band 
has  an  asymmetrical  shape  with  an  FWHM  of 
245±10meV.  The  second  band  is  seen  as  a  broad 
shoulder  with  an  onset  at  2.1  eV.  This  absorption  occurs 
over  a  wide  energy  range  (2. 1-2.9  eV).  The  intensity  of 
both  bands  systematically  increased  with  Mn  dopant  as 
shown  in  Table  1. 
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The  low  temperature  absorption  spectrum  of 
GaN:Mn  was  measured.  The  variation  of  the  absorp¬ 
tion  band  shape  with  temperature  for  the  1.5eV  band  is 
shown  in  Fig.  3.  At  20 K.  a  fine  structure  was  resolved. 
We  attributed  the  first  sharp  peak  at  1.4 18 ±0.001  eV  to 
the  zero-phonon  line  (ZPL)  of  the  Mn  free  to  bound 
acceptor  transition,  £(,  [14].  The  fine  structure  at  higher 
energies  of  the  low  temperature  spectrum  was  attributed 
to  coupling  with  two  local  vibration  modes  with  energies 
of  20  and  73meV.  The  observed  fine  structure  is  a 
characteristic  feature  of  an  absorption  band  involving  a 
deep  defect  level  and  its  phonon  replicas  [7,15]. 

With  increasing  temperature,  however,  the  sharp 
peaks  involved  in  the  Mn-absorption  band  become  less 
resolved,  as  seen  in  Fig.  3.  Although  the  line  shape 
changes,  the  total  absorption  intensity  is  approximately 
independent  of  temperature,  such  that  as  the  intensity  of 
the  ZPL  decreases  the  intensities  of  the  side  bands 
increase  [7,15].  Therefore,  the  ‘area  conservation  law’, 
that  is  a  characteristic  feature  of  absorption  involving  a 
deep  level,  governs  the  behavior  of  the  absorption 
spectrum  at  higher  temperatures,  as  seen  in  Fig.  3.  At 
room  temperature  a  broad  band  (FWHM  =  340 meV)  is 
observed. 

Based  on  the  configuration  coordinate  analysis  of  the 
temperature-dependent  behavior  of  the  1.5eV  band,  it  is 
concluded  that  this  band  involves  a  deep  Mn-acceptor 
level,  and  not  an  internal  3d-shell  transition.  The 
position  of  this  level  is  placed  at  1.42eV  based  on  the 
ZPL.  The  level  position  with  respect  to  the  valence  band 
is  at  E.\  =  E\  +  1 .42  eV  based  on  deep  level  optical 
spectroscopy  measurements  [14].  The  threshold  of  the 
2.1  eV  band  was  independent  of  temperature  (22  and 
300  K),  as  seen  in  Fig.  4.  Weak  shoulders  were  also 
observed  in  the  absorbance  curve  at  2.3  +  0.05  and 
2.7±0.05eV  at  T  =  22 K. 


Fig.  3.  Absorbance  spectra  of  the  heavily  Mn-dopcd  film  at 
different  temperatures. 


A  broad  PL  band  at  1.25±0.02eV  was  observed  in 
Mn-doped  samples  [13].  The  peak  position  of  this  band 
was  independent  of  temperature.  The  transient  decay 
curves  obtained  for  the  1.25  eV  band  at  different 
temperatures  for  one  of  the  samples  are  shown  in 
Fig.  5.  The  decay  was  exponential  at  low  temperature. 
The  calculated  decay  curve  (t  =  7.8  ms)  is  shown  with  a 
solid  line  in  Fig.  5.  A  long  decay  time  is  a  characteristic 
feature  of  forbidden  transitions,  such  as  4T,  -+6Aj  [2,6]. 
At  high  temperature,  the  decay  time  decreases  and  the 
decay  curves  become  non-exponential.  Similar  behavior 
was  observed  for  the  Mn  internal  transitions  in  ZnS. 
where  long  decay  times  of  1.6  ms  were  measured  [16].  In 
that  case,  the  decay  curve  was  non-exponential  due  to 
non-radiative  recombination  processes  that  become 
important  at  high  temperatures  for  the  Mn  ion. 


Energy  (eV) 

Fig.  4.  Absorption  spectra  of  the  heavily  Mn-dopcd  films  at  22 
and  300  K. 


Fig.  5.  PL  decay  curves  at  1.25cV  measured  at  different 
temperatures  (RK342).  The  calculated  exponential  decay  with 
a  lifetime  of  7.8  ms  is  shown  with  a  solid  line. 
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A  proposed  energy  level  scheme  for  Mn  in  GaN  is  as 
follows:  the  Mn-acceptor  level  is  located  at  Ev  -F  1.42  eV. 
The  observed  higher  lying  absorption  bands  at  2.1  and 
2.8  eV  are  tentatively  associated  with  electron  excitation 
from  this  level  to  the  conduction  band1 2 3  and  electron 
excitation  from  the  VB  to  the  first  excited  state  (4 *Ti).2,3 
The  observed  photoluminescence  band  at  1.25eV  is 
attributed  to  an  intra  d-shell  transition  from  the  first 
excited  state  to  the  ground  state  given  as  4TI->6A1. 
Higher  lying  3d  excited  states  are  believed  to  be 
degenerate  with  the  conduction  band  and  thus,  are  not 
observed  in  photoluminescence  measurements. 

4.  Conclusions 

The  optical  absorption  and  photoluminescence  pro¬ 
perties  of  semi-insulating  Mn-doped  GaN  films  were 
studied.  Two  characteristic  absorption  bands  were 
observed  in  the  spectrum  of  Mn-doped  epilayers  at 
300  K.  The  integrated  intensities  of  these  bands  in¬ 
creased  with  increasing  Mn  concentration,  indicating 
that  they  were  Mn  related.  An  analysis  of  the 
temperature  behavior  of  the  absorption  band  with  a 
maximum  at  1.5  eV  indicated  that  it  involved  a  free  to 
bound  transition  from  the  valence  band  to  the  deep  Mn- 
acceptor  level.  Photoluminescence  measurements  of  Mn- 
doped  films  indicated  the  presence  of  an  intra  3d-shell 
transition  of  the  Mn  ion.  The  luminescence  band  at 
1.25±0.02eV  is  tentatively  attributed  to  the 
4T1(G)^6A1(S)  transition. 
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1  This  assignment  assumes  a  large  degree  of  compensation  of 
the  GaN,  which  is  usually  the  case. 

2The  higher  lying  intra-ion  transitions,  6A]^4T2  and 
6A1^4A1  are  likely  to  occur  at  2.1  and  2.7 eV  based  on  the 
observed  transition  in  GaN:Fe3+  [5]  absorption  spectra, 
however,  the  intensity  of  these  forbidden  transitions  has  to  be 
small.  In  contrast,  large  absorption  coefficients  were  measured 
for  the  2.1  eV  band  (Table  1),  which  were  higher  than  that  of 
the  1.5  eV  band. 

3  It  is  important  to  note,  however,  that  several  different  states 

of  Mn,  such  as  Mn2  +  ,  Mn3  +  ,  Mn4+  can  potentially  introduce 

several  deep  levels  in  the  band  gap  giving  rise  to  several  free  to 

bound  transitions  as  in  Ref.  [7]. 
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Abstract 

The  Er3  ‘  photoluminescence  (PL)  near  1.54  pm  and  PL  excitation  in  Er-implanted  GaN  was  investigated.  We  have 
found  three  different  classes  of  optically  active  Er  centers,  with  different  excitation  mechanisms.  The  majority  of  the 
incorporated  Er  ions  can  be  excited  only  resonantly  and  the  emission  intensity  decreases  quite  strongly  with  the 
temperature  for  high  Er  concentrations,  due  to  excitation  energy  migration.  The  PL  of  centers  dominating  under  above¬ 
band-gap  illumination  is  mediated  primarily  by  donor-acceptor  pair  recombination  and  has  the  same  temperature 
dependence  as  the  near-band-edge  PL.  We  also  find  centers  excited  by  broad,  below-gap  absorption  bands,  associated 
with  deep  traps,  whose  PL  intensity  is  temperature  independent.  (f\  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Erbium;  Gallium  nitride;  Photolumincscencc 


1.  Introduction 

Erbium  doped  semiconductors  have  been  extensively 
studied  over  the  last  decade  as  a  potential  light  source 
emitting  at  1.54  pm.  which  is  of  great  interest  for  optical 
fiber  communication  systems.  As  the  emission  is  due  to 
intra-4f-shell  transitions,  the  lines  are  sharp  and  the 
wavelength  is  temperature  insensitive,  which  makes  the 
system  particularly  attractive.  The  drawback,  however, 
is  the  strong  temperature  quenching  of  the  emission 
intensity  with  decreasing  band  gap  of  the  semiconductor 
host  [1],  This  has  stimulated  a  wide  interest  in  Er  doping 
of  GaN  [2-4],  Visible  and  infrared  electroluminescence 
of  in  situ  Er  doped  GaN  employing  the  impact 
excitation  mechanism  has  been  already  achieved  [5]. 
However,  devices  employing  the  much  more  efficient 
excitation  channel  involving  electron  hole  pairs  have  not 
been  reported  yet.  Such  applications  might  be  possibly 
realized  on  Er  implanted  GaN.  as  in  this  case  the 
electron-hole  mediated  luminescence  seems  to  be  very 


*Corresponding  author.  Tel.:  +48-22-843-68-61;  fax:  +  48- 
22-843-09-26. 

E-mail  address:  przybytf  ifpan.edu.pl  (H.  Przybylinska). 


efficient.  In  this  paper,  we  investigate  Er-implanted  GaN 
by  means  of  photoluminescence  (PL)  and  PL  excitation 
spectroscopy  and  compare  the  efficiency  and  quenching 
behavior  of  different  centers  under  direct  and  interband 
excitation. 


2.  Experiment 

The  samples  used  in  this  study  were  (i)  nominally 
undoped  and  (ii)  Mg  doped  GaN  layers  grown  by 
MOCVD  on  ALOi  substrates,  as  well  as  (iii)  cubic.  Mg 
doped  GaN  grown  by  MBE  on  GaAs  substrates.  All 
layers  had  a  similar  width  of  about  500  nm.  The  Mg 
doped  samples  had  a  room  temperature  hole  concen¬ 
tration  of  10l7cm  3  prior  to  implantation.  Er  was 
implanted  at  800  keV  into  the  undoped  GaN/ALCL  and 
at  300  keV  into  Mg  doped  GaN.  The  TRIM  code 
estimated  mean  projected  and  straggling  ranges  were 
about  52  and  15nm  for  300  keV,  122  and  32  nm  for  the 
800  keV  implants,  respectively.  The  estimated  Er  peak 
concentrations  were  about  2.5  x  10IKcm" 3  in  both  GaN/ 
ALO^  samples  and  an  order  of  magnitude  lower  in 
GaN/GaAs.  The  samples  were  subsequently  annealed  in 
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the  temperature  range  of  900°C-1000°C  in  nitrogen  gas 
flow  for  up  to  30  min.  Photoluminescence  and  PLE 
experiments  were  carried  out  in  the  temperature  range  of 
5-300  K.  The  PL  was  excited  with  argon  ion  and  tunable 
Ti:  sapphire  lasers,  dispersed  through  a  SPEX  mono¬ 
chromator,  and  detected  by  a  liquid  nitrogen  cooled  Ge 
detector  through  a  ldng  pass  filter  with  a  cut-off  at 
1.2  pm.  The  spectra  shown  in  the  paper  were  typically 
taken  at  a  power  level  of  about  130mW  and  at  a  spectral 
resolution  of  less  than  0.1  nm.  The  data  are  not 
corrected  for  the  detector  and  monochromator  response. 


3.  Results  and  discussion 

Low  temperature  Er3+  PL  spectra  measured  for  the 
GaN/Al203  sample  implanted  with  800  keV  Er  ions  are 
shown  in  Fig.  1.  The  spectra  were  obtained  at  three 
different  excitation  regimes:  above  band  gap  (351  nm), 
below  band  gap  (514  nm),  and  resonant  4I  j  5/2 -*41 11/2 
excitation  (984.6  nm).  In  each  case,  the  dominant 
emission  comes  from  different  Er  centers.  The  broad 
PL  line  in  the  middle  trace  of  Fig.  1  shows  no  structure 
even  at  a  spectral  resolution  of  0.03  nm.  Its  shape  does 
not  change  when  varying  the  pump  wavelength  in  the 
whole  visible  range  of  the  Ar  laser,  indicating  that  the 
excitation  does  not  proceed  via  intra  shell  transitions  of 
Er  but  rather  by  a  broad,  trap-related  absorption  band. 
The  dependence  of  the  integrated  PL  intensity  on  pump 


Wavelength  (nm) 

Fig.  1.  PL  spectra  of  800  keV  Er-implanted  GaN  recorded  at 
7K  for  three  different  excitation  regimes:  above-band-gap 
(top),  below-band-gap  (middle),  and  intra-4f-shell  (bottom). 
Excitation  wavelengths  are  indicated.  The  inset  shows  inte¬ 
grated  PL  intensity  as  a  function  of  the  pump  wavelength.  The 
solid  line  is  a  guide  for  the  eye. 


wavelength  is  shown  in  the  inset.  The  emission  under 
resonant  Er  excitation  was  found  to  be  an  order  of 
magnitude  less  intense  than  that  excited  with  above-  and 
below-gap  light,  which  is  not  surprising  as  the  intra-4f 
transitions  have  very  low  absorption  cross  sections.  The 
fact  that  none  of  the  centers  active  under  visible  or  UV 
can  be  excited  resonantly  indicates  that  the  concentra¬ 
tion  of  such  centers  is  rather  low. 

Fig.  2  shows  the  PLE  spectra  taken  at  the  detection 
wavelength  of  1 537.4  nm.  At  low  temperatures  (upper 
trace)  the  spectrum  consists  of  many  narrow  lines  which 
clearly  belong  to  more  than  one  center  of  different  site 
symmetry.  Though  the  relative  intensities  of  the  indi¬ 
vidual  lines  change  with  the  detection  wavelength  no 
single  Er  center  can  be  resolved.  At  elevated  tempera¬ 
tures  (>100K),  moreover,  the  PLE  spectra  for  each 
detection  wavelength  become  identical  and  additional 
PLE  lines  appear  at  lower  wavelengths.  At  300  K,  they 
dominate  in  the  excitation  spectrum  as  shown  in  the 
middle  trace  of  Fig.  2.  This  suggests  that  there  is 
significant  energy  migration  among  different  Er  centers. 
In  the  lower  trace  of  Fig.  2,  the  resonant  transitions  to 
the  4I9/2  manifold  can  be  seen,  superimposed  on  a  broad 
band  showing  a  contribution  from  another  type  of  Er 
center  which  is  not  excited  resonantly  but  via  a  deep 
defect. 

In  the  Mg  doped  sample  grown  on  sapphire  under 
above-gap  excitation  (see  Fig.  3a),  we  observe  the  same 


Fig.  2.  PL  41 1 5/2  — *  41 1 1  /2  excitation  spectra  recorded  at  7  and 
300  K,  and  4Ii5/2-+4l9/2  excitation  spectra  at  300  K  in  800  keV 
Er-implanted  GaN.  The  detection  wavelength  is  1 537.4  nm. 
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Fig.  3.  PL  (a)  and  PLE  (b)  spectra  of  300  kcV  Er-implantcd 
GaN :  Mg/ALO;,  at  various  pump  and  detection  wavelengths,  at 
6K.  The  inset  shows  the  PL  spectrum  exited  at  351  nm  with  the 
beam  focussed  on  a  different  spot  (trace  a)  as  compared  to  the 
PL  of  ErOv  precipitates  in  the  bulk  GaN :  Er. 

kind  of  luminescence  as  reported  by  Kim  et  al.  [4], 
superimposed  on  a  very  broad  background  extending 
from  a  PL  band  peaked  at  about  700  nm.  This  band 
stems  from  implantation  induced  defects  and  appears 
also  after  Si  implantation.  Under  excitation  in  the  range 
of  about  980  nm  the  defect  related  PL  is  no  longer  seen. 
The  resonantly  excited  Er  PL  as  well  as  the  PL  excitation 
spectra  shown  in  Fig.  3(b)  have  extremely  narrow  line 
widths,  indicating  that  the  involved  Er  centers  reside  at 
sites  with  very  little  fluctuation  of  the  crystal  field 
potential.  A  similar,  very  weak  PL  spectrum  (with  some 
extra  lines  related  to  other  centers)  is  also  seen  under  the 
488  nm  pump  wavelength.  The  Er  distribution,  however, 
is  not  uniform  and  if  the  exciting  beam  hits  a  different 
spot  a  very  intense  broad  band  appears,  as  shown  in  the 
inset  of  Fig.  3a.  This  band  is  identical  to  the  one 
observed  in  bulk  Er  doped  GaN  grown  at  Unipress, 
which  contained  precipitates  of  a  phase  resembling  Er 
oxide.  In  the  Mg  doped  GaN/GaAs,  we  can  also 
distinguish  the  PL  of  different  Er  centers  under  resonant 
and  visible  to  UV  pump  wavelengths,  with  the  most 
intense  emission  occurring  for  below-band-gap  excitation. 


Fig.  4.  Temperature  dependencies  of  the  integrated  PL  inten¬ 
sity  under  excitation  at  351  nm  (diamonds).  514  nm  (squares), 
and  984.4  nm  (circles). 

The  temperature  dependence  of  the  luminescence 
intensity  in  the  three  excitation  regimes  is  entirely 
different,  as  shown  in  Fig.  4  for  the  undoped  GaN/ 
A1203  sample.  The  PL  intensity  of  Er  centers  excited 
with  above  gap  illumination  decreases  with  a  deactiva¬ 
tion  energy  of  95+  lOmeV,  which  is  responsible  for  the 
loss  of  intensity  by  almost  half  an  order  of  magnitude  at 
300  K.  The  dominant  excitation  mechanism  seems  to  be 
energy  transfer  from  recombining  donor-acceptor  pairs 
and  the  deactivation  energy  is  most  probably  related  to 
the  ionization  energy  of  the  shallower  of  the  impurities 
involved.  The  other  impurities  must  be  deeper  as  we 
see  no  visible  Er-related  luminescence  in  any  of  the 
implanted  samples.  The  PL  intensity  of  Er  centers 
excited  via  a  broad,  below-band-gap  absorption  band, 
in  contrast,  is  thermally  stable  up  to  room  temperature 
indicating  that  the  traps  mediating  in  the  excitation 
process  are  much  deeper.  Surprisingly,  centers  excited 
directly  into  the  4f-shell  show  the  strongest  temperature 
quenching,  with  a  smaller  deactivation  energy.  This 
temperature  quenching  might  be  related  to  excitation 
energy  migration  at  high  Er  concentrations  as  it  is 
greatly  reduced  in  the  GaN/GaAs  sample  with  an  order 
of  magnitude  lower  Er  peak  concentration. 


4.  Conclusions 

The  luminescence  and  luminescence  excitation 
of  Er-implanted  GaN  was  studied.  We  found  that  Er 
excitation  under  above-band-gap  illumination  is 
mediated  primarily  by  donor-acceptor  pair  recombina¬ 
tion.  This  PL  has  a  similar  temperature  dependence  as 
that  near  the  band  edge.  It  was  also  found  that  direct 
excitation  into  the  4f-shell  leads  to  a  much  more 
pronounced  PL  temperature  quenching  than  any  other 
excitation  mechanism,  which  suggests  that  at  the  Er 
doping  levels  employed  there  might  be  considerable 
energy  migration  among  the  luminescent  centers  likely 
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to  be  excited  by  direct  absorption.  The  most  efficient 
excitation  channel  seems  to  be  mediated  via  deep  trap 
centers,  introduced  most  probably  by  implantation.  The 
extra  advantage  of  such  an  excitation  mechanism  for 
possible  applications  in  IR  emitting  LEDs  is  that  the 
visible,  competing  Er  luminescence  is  suppressed. 

Acknowledgements 

Work  supported  by  the  FWF,  BM:BWK  and  GMe, 
Vienna. 


References 

[1]  P.N.  Favennec,  H.  L’Haridon,  M.  Salvi,  D.  Moutonnet,  Y. 
LeGuillou,  Electron.  Lett.  25  (1989)  718. 

[2]  R.G.  Wilson,  R.N.  Schwartz,  C.R.  Abernathy,  S.J.  Pearton, 
N.  Newman,  M.  Rubin,  T.  Fu,  J.M.  Zavada,  Appl.  Phys. 
Lett.  65  (1994)  992. 

[3]  J.T.  Torvik,  C.H.  Qiu,  R.J.  Feuerstein,  J.I.  Pankove,  F. 
Namavar,  J.  Appl.  Phys.  81  (1997)  6343. 

[4]  S.  Kim,  S.J.  Rhee,  X.  Li,  J.J.  Coleman,  S.G.  Bishop,  Appl. 
Phys.  Lett.  76  (2000)  2403. 

[5]  M.  Garter,  J.  Scofield,  R.  Birkhahn,  A.J.  Steckl,  Appl.  Phys. 
Lett.  74  (1999)  182. 


ELSEVIER  Physica  B  308  310  (2001)  38-41  - 

www.clscvicr.com/locatc/physh 


Compensation  mechanism  in  MOCVD  and  MBE  grown 

GaN :  Mg 

H.  Alves3  *,  M.  Bohm3,  A.  Hofstaetter3,  H.  Amanob,  S.  Einfeldtc,  D.  Hommelc, 

D  M.  Hofmann3,  B.K.  Meyer3 

'I.  Physics  Institute,  University  of  Giessen,  Heinrich- Buff- Ring  16,  35392  Giessen,  Germany 
h  Department  of  Electrical  and  Electronic  Engineering,  Nagoya,  Japan 
c  Institute  of  Solid  State  Physics,  University  of  Bremen,  University  Germany 


Abstract 

We  studied  GaN  grown  by  metal  organic  chemical  vapour  deposition  (MOCVD)  and  molecular  beam  epitaxy  doped 
with  different  Mg  concentrations  by  photoluminescence.  Hall  and  SIMS  measurements.  For  the  MOCVD  samples,  due 
to  compensating  deep  donors  a  saturation  of  the  hole  density  versus  the  Mg  concentration  is  observed.  These  donors 
are  also  related  to  a  2.9  eV  recombination  observed  in  photoluminescence.  Assuming  that  the  compensating  donors 
formed  during  growth  processes  involve  nitrogen  vacancies,  hydrogen  and  a  complex  of  both  species,  we  are  able  to 
calculate  the  free  hole  concentration  as  a  function  of  the  Mg  concentration  for  both  growth  methods.  C  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Mg-acceptor;  Compensating  donors 


1.  Introduction 

P-type  conduction  of  GaN  is  typically  obtained  by 
doping  with  Mg.  which  acts  as  an  acceptor.  Typical 
values  of  the  free  hole  concentration  at  room  tempera¬ 
ture  (RT)  are  in  the  I017-10,scm“3  range.  These  values 
are  sufficient  for  applications  like  light  emitting  diodes, 
but  for  others  such  as  lasers,  higher  hole  concentrations 
are  desirable. 

The  high  Mg  acceptor  binding  energy  and  compensa¬ 
tion  effects,  observed  in  the  highly  doped  films,  are  the 
main  reasons  why  higher  values  for  the  free  hole 
concentration  cannot  be  achieved.  In  GaN :  Mg  grown 
by  MOCVD  the  additional  effect  of  hydrogen  has  to  be 
considered.  In  the  as-grown  state  of  the  samples  it 
passivates  the  incorporated  Mg,  and  post  growth 
treatments  are  needed  for  its  activation  [1,2],  The 
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molecular  beam  epitaxy  (MBE)  growth  of  GaN  is 
hydrogen  free,  and  the  Mg  acceptors  are  electrical  active 
already  in  the  as-grown  state  of  the  samples.  Further, 
the  compensation  effects  in  MBE  material  are  lower 
than  in  MOCVD  material. 

Theoretical  calculations  predicted  that  nitrogen  va¬ 
cancies  (Ln)  are  the  dominant  compensating  defects 
[3,4]  in  p-type  GaN.  Also  experimentally  this  defect  or 
complexes  of  it  with  Mg  seem  to  be  the  most  probable 
compensation  centres  [5,6]. 

We  performed  photoluminescence  (PL),  Hall  and 
SIMS  measurements  on  MOCVD  and  MBE  grown 
GaN  :  Mg  doped  with  different  Mg  concentrations.  With 
the  help  of  these  experiments  we  were  able  to  obtain 
information  on  the  compensation  and  the  presence  of 
defects  in  the  material.  These  informations  are  used  to 
guide  our  calculations  for  the  free  hole  concentration  as 
a  function  of  the  Mg  concentration.  It  turned  out  that 
the  presence  of  hydrogen  which  mediates  the  FN 
formation  in  MOCVD  grown  GaN :  Mg  is  the  impor¬ 
tant  feature  to  explain  the  higher  degree  of  compensa¬ 
tion  in  these  samples. 
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2.  Experimental  details 

The  experiments  were  performed  on  Mg-doped  GaN 
epitaxial  layers  grown  by  MOCVD  and  MBE.  A  AIN 
buffer  layer  was  used  for  the  MOCVD  samples,  and  a 
typical  growth  temperature  is  1040°C  [1].  The  MBE 
samples  were  grown  in  an  EPI  930  MBE  system 
equipped  with  a  radio  frequency  nitrogen  plasma  source. 
The  growth  temperature  was  750°C  [7].  The  typical  GaN 
layer  thickness  is  1  pm.  For  each  sample  the  Mg  doping 
concentration  is  determined  by  secondary  ion  mass 
spectroscopy  (SIMS). 

For  the  luminescence  experiments,  we  used  the  325  nm 
line  of  a  HeCd  (30  mW)  laser  as  excitation  source,  and  a 
grating  monochromator  in  connection  with  a  photo¬ 
multiplier  for  detection.  All  the  PL  measurements  were 
performed  at  4.2  K  in  an  Oxford  bath  cryostat. 

Ohmic  contacts  in  van  der  Pauw  geometry  were  used 
for  Hall-effect  measurements. 


3.  Experimental  results 

The  symbols  in  Fig.  1  show  the  experimental  data  of 
the  free  hole  concentration  as  a  function  of  the  Mg 
concentration,  for  the  MOCVD  (full  circles)  and  the 
MBE  samples  (full  triangles). 

For  Mg  concentrations  up  to  1  x  1019cm-3,  the  free 
carrier  concentration  increases  for  both  MOCVD  and 
MBE  samples.  It  roughly  follows  the  linear  increase 
expected  from  Fermi  statistics.  The  scattering  in  data  in 
this  Mg  concentration  range  is  most  likely  caused  by 
different  concentrations  of  residual  shallow  donors  such 
as  O  and  Si.  The  typical  concentrations  of  such  species 
in  MOCVD  GaN  are  about  1  x  1017cm“3. 

For  the  MOCVD  samples  we  observe  for  Mg 
concentrations  above  1  x  10l9cm-3,  first  a  saturation 


Magnesium  concentration  (cm  3) 

Fig.  1.  Triangles  and  circles  corresponds  to  the  free  hole 
concentration  versus  the  magnesium  concentration,  for  MBE 
and  MOCVD,  respectively.  Solid  line  shows  the  calculated  data 
for  MOCVD  and  the  dotted  line  the  calculated  data  for  MBE. 


and  then  a  decrease  of  the  free  hole  concentration.  This 
is  different  to  the  MBE  case  where  the  hole  concentra¬ 
tion  continuously  increases.  Obviously  compensation 
effects  are  stronger  in  the  MOCVD  samples. 

The  PL  spectrum  (Fig.  2a)  of  low  doped  MOCVD 
films  is  dominated  by  the  shallow  donor  to  Mg  acceptor 
recombination  (violet  band)  with  zero  phonon  line 
positioned  at  3.27  eV.  One  can  also  see  a  band 
positioned  at  2.9  eV  (blue  band).  Increasing  the  Mg 
content,  this  blue  band  develops,  and  dominates  the 
spectrum  for  high  Mg  doped  films.  For  the  highest 
doping  concentrations  the  LO-phonon  structure  of  this 
band  is  less  pronounced  and  it  red  shifts  to  2.8  eV. 
Investigating  the  excitation  power  dependence  of  this  PL 
band  we  find  that  the  emission  maximum  depends 
strongly  on  the  excitation  powers.  Such  behaviour  is 
typical  for  compensated  material  with  potential  fluctua¬ 
tions  arising  from  charged  impurities. 

For  the  MBE  samples  (Fig.  2b)  the  PL  spectra  show 
independent  of  doping  a  dominating  shallow  to  Mg 
acceptor  recombination  at  3.27  eV.  The  2.9  eV  recombi¬ 
nation  is  always  of  low  intensity. 

From  the  experiments  it  is  likely  that  the  defects 
participating  in  the  blue  recombination  are  also  respon¬ 
sible  for  the  saturation  of  the  free  hole  concentration  in 
MOCVD  material,  i.e.  they  are  compensating  donors. 
Based  on  temperature  dependent  PL  measurements  we 
ascribe  the  blue  band  to  a  recombination  between 
compensating  deep  donors  and  shallow  Mg  acceptors. 
Similar  conclusions  were  obtained  by  other  authors 
[5,6,8]. 


Fig.  2.  (a)  PL  of  MOCVD  grown  GaN: Mg:  (Al)  low  doped 
sample,  (A2)  medium/high  doped  sample  and  (A3)  high  doped 
sample,  (b)  PL  of  MBE  grown  GaN: Mg:  (Bl)  low  doped 
sample,  (B2)  high  doped  sample  and  (B3)  line  shape  of  the 
2.9  eV  recombination. 
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4.  Calculations  and  discussion 

The  above  described  observations  show  that  in  highly 
Mg  doped  GaN  grown  by  MOCVD,  deep  donors  are 
needed  to  explain  the  compensation  behaviour,  as  well 
as  the  appearance  of  the  2.9  eV  recombination.  Van  der 
Walle  proposed  that  nitrogen  vacancies  (KN),  hydrogen 
(H)  and  complexes  of  both  (KNH)  are  the  relevant 
defects  to  be  formed  in  p-type  GaN.  We  have  used  his 
results  on  the  Fermi  level  position  dependent  formation 
energies,  to  calculate  free  hole  concentration  as  a 
function  of  the  Mg  concentration  [3],  The  formation  of 
the  Mg-H  complex  was  not  considered  here.  Neuge- 
bauer  et  al.  [4]  showed  that  the  formation  of  this 
complex  during  growth  is  of  minor  relevance. 

The  density  of  compensating  defects  is  calculated  by 
the  following  equation: 

So  =  Ns  exp  [-j—^-1 ,  (1) 

where  Ns  is  the  number  lattice  sites  for  a  defect 
(4.4  x  10“  cm  3  for  substitutional  defects  in  GaN),  T 
the  growth  temperature,  kB  the  Boltzmann  constant  and 
Fpor  the  donor  formation  energy  according  to  Fig.  3. 
Although  these  formation  energies  were  basically 
extracted  from  [3],  we  have  slightly  fitted  them 
(~100meV)  to  obtain  the  best  agreement  with  our 
experimental  results.  Entropy  contributions  were  shown 
to  be  small  and  are  not  considered  here  [4]. 

The  Fermi  level  (Ef.)  during  growth  is  calculated  by 

[9] 


shallow  donors  are  not  present.  By  ignoring  their 
existence  we  overestimate  the  free  hole  concentrations 
for  low  Mg  concentrations.  We  further  assume  that  the 
concentration  of  compensating  donors  stays  constant 
during  the  cool  down  of  the  sample  from  growth 
temperature  to  RT.  Finally,  we  are  able  to  calculate 
free  hole  concentration  as  a  function  of  the  Mg 
incorporation  by  [9] 


(3) 


Typical  values  for  ft  and  Nx  are  3.6  and  3.2  x  1019cm“3 
at  RT,  4.6  and  1.95  x  10J,cm  3  at  1000K  which  is  the 
growth  temperature  for  MBE  samples  and  5.1  and 
2.1  x  10~f,cm  3  at  1300K,  the  growth  temperature  for 
MOCVD. 

In  our  calculations  the  information  of  growth 
technique  enters  in  two  different  ways.  The  first  one  is 
the  growth  temperature,  the  second  one  is  the  hydrogen 
presence.  For  MBE  we  assume  that  hydrogen  is  not 
present  thus  only  the  formation  of  the  nitrogen  vacancy 
is  considered.  For  MOCVD  and  in  the  presence  of 
hydrogen  the  three  defects,  FN,  H  and  KNH  are  of 
relevance.  The  low  formation  energy  of  the  hydrogen 
centre  (Fig.  3)  plays  here  a  central  rule.  In  our 
calculations  we  find  identical  amounts  of  Mg  and  H 
centres  to  be  present  in  as-grown  MOCVD  GaN :  Mg. 


£>  =  ~kBT  xln- 


, _ 2T'(NA  -  Nn) _ 

r ' Nvx  +  Nu  +  JilT'Nv  +  Wd*)2  +  4p-'Nv(NA  -  TV,))* 


where  y  is  txp(E\/KB  T)  with  E\  the  acceptor  binding 
energy  (160meV),  /?  the  valence  band  degeneracy  factor, 
N\  the  density  of  states  for  the  valence  band  and  N,\  the 
acceptor  concentration.  By  an  iteration  process  one  is 
able  to  find  the  values  for  No  and  E\  which  satisfy  both 
equations.  For  the  calculations  we  assumed  that  residual 


0.0  0.2  0.4  0.6  0.8  1.0  1.2 


Fermi  level  (eV) 

Fig.  3.  Fitted  formation  energies  for  the  three  considered 
compensating  donors.  Lines  a  and  b  show  the  Fermi  level 
position  during  growth  (Mg  concentration  of  5  x  10 19  cm  3)  for 
MBE  and  MOCVD.  respectively. 


P-type  conductivity  can  be  only  reached  when  the 
hydrogen  is  removed  which  is  done  experimentally  by 
a  post-growth  annealing  treatment.  For  the  calculations 
we  assumed  that  all  the  H  f  centres  are  removed  and 
that  the  FnH2~  centres  are  transformed  to  the  simple 
nitrogen  vacancy  defect.  From  the  lines  in  Fig.  1  we  can 
see  a  good  agreement  between  the  calculation  and  our 
experimental  results  for  both  MBE  and  MOCVD 
samples.  As  mentioned  before,  the  deviation  of  the 
calculation  to  the  experimental  data  for  low  doped 
samples  is  a  result  of  ignoring  residual  shallow  donor. 

An  important  point  that  we  can  state  from  these 
calculations  is  that  the  main  compensating  centre  for 
both  growth  techniques  should  be  the  nitrogen  vacancy. 
This  is  supported  by  our  PL  results.  The  blue  band  is 
observed  in  MBE  and  MOCVD  material  at  2.9 eV.  The 
red  shift  of  the  blue  band,  observed  on  some  highly 
doped  MOCVD  grown  samples,  is  related  to  band 
fluctuations  which  modify  the  peak  position  of  the 
emission  but  do  not  change  the  structure  of  the  involved 
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defects.  Our  calculations  yield  that  the  compensation 
ratio,  i.e.  the  ratio  between  the  concentrations  of 
compensating  donors  and  magnesium  acceptors,  is 
almost  constant  for  the  MBE  samples  (~3%).  For  the 
highly  doped  MOCVD  samples  the  compensation  can 
reach  up  to  20%  which  is  also  sufficient  to  account  for 
the  band  fluctuations. 

For  the  two  growth  methods  the  formation  process  of 
the  Fn  defect  is  different.  In  MBE  it  is  directly  formed, 
and  in  MOCVD  it  forms  in  addition  by  the  intermediate 
FnH  complex.  In  fact  the  H  incorporation  and  FnH 
formation  are  essential  to  reproduce  the  strong  com¬ 
pensation  effect  for  the  highly  doped  MOCVD  samples. 
This  effect  could  not  be  reproduced  by  assuming  simply 
a  higher  growth  temperature. 

Some  authors  [10,11]  reported  that  more  than  one 
compensating  centre  exits  in  MOCVD  grown  GaN :  Mg. 
These  centres  could  be  related  with  remaining  KNH 
complexes  or  also,  and  especially  at  very  high  doping 
levels,  with  the  J^Mg  complex  suggested  by  Kaufmann 
[5,6]. 

In  summary  our  investigations  show  that  the  com¬ 
pensation  effects  observed  in  GaN :  Mg  grown  by  MBE 
and  MOCVD  can  consistently  be  explained  by  the 
formation  of  FN.  The  presence  or  absence  of  hydrogen 


and  the  differences  in  growth  temperature  are  sufficient 
to  explain  our  experimental  data. 
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Abstract 


A  comparison  between  unimplanted  and  annealed  Ca  implanted  GaN  samples  was  performed  using  PL  and  RBS 
techniques.  Deep  DAP  recombination  at  2.36  and  1.8  eV  was  found  in  both  samples.  New  PL  lines  observed  at  3  46 
3368  and  2.59  eV  in  the  implanted  samples  are  discussed.  Rutherford  backscattering/channelling  measurements  reveal 
that  35%  of  Ca  is  located  in  substitutional  Ga  sites  surrounded  by  complex  defects,  (n  2001  Elsevier  Science  B  V  All 
rights  reserved. 

Keywords:  GaN;  Implantation;  PL;  RBS/C 


1.  Introduction 

One  of  the  major  drawbacks  of  GaN  based  devices  is 
the  lack  of  suitable  acceptors  with  lower  ionisation 
energy  than  the  220  meV  currently  obtained  with  Mg 
doping  [1],  In  order  to  obtain  controllable  p-type 
conductivity,  several  workers  studied  the  behaviour  of 
potential  acceptor  species,  for  instance,  Zn,  Cd,  Ca  and 
Be,  by  in-grown  doping  or  ion  implantation  [2-10]. 
While  theoretical  calculations  predict  for  Ca(;a  an 
acceptor  binding  energy  of  250-302  meV  [11-13], 
temperature  dependent  Hall  measurements  showed  that 
the  ionisation  level  of  Ca  was  169±12meV  [5].  More¬ 
over,  besides  the  previous  work  of  Pankove  [2],  no  other 
reports  on  photoluminescence  (PL)  studies  were  per¬ 
formed  for  Ca  implanted  samples. 

In  this  work,  we  report  PL  studies  in  a  set  of  Ca 
implanted  samples  with  doses  from  1013  to  10,5cm  2. 
All  the  samples  show,  at  room  temperature,  a  similar 
green  emission  to  the  one  previously  observed  by 
Pankove  [2]  and  a  broad  red  emission.  Besides  these 
two  PL  bands,  both  the  emission  band  in  blue  and  a 
structured  near  band  edge  (NBE)  emission  are  observed 
at  a  low  temperature.  The  PL  bands  were  studied  as  a 
function  of  excitation  density,  time  and  temperature  and 
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34-24965. 
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from  these  results,  combined  with  X-ray  emission 
(PIXE)  and  Rutherford  backscatering/channelling  ana¬ 
lysis,  the  influence  of  Ca  on  luminescence  as  well  as  the 
contribution  from  optical  active  centres  produced  by 
annealing  treatments  is  discussed. 


2.  Experimental 

The  wurtzite  GaN  layers  were  epitaxially  grown  on 
(OOOl)-plane  sapphire  substrates  by  MBE  with  a 
thickness  of  1.5 pm.  The  Ca4  ions  were  implanted 
either  at  room  temperature  or  at  550'C  with  180keV 
and  a  fluence  in  the  range  from  5xl0n  to 
5x10  cm  ".  After  implantation,  the  Ca  samples  were 
annealed  at  1050'C  for  1 5  min  in  flowing  N2  with  a 
proximity  cap.  RBS/C  analysis  was  carried  out  to 
determine  the  damage  profiles  and  the  lattice  site 
location.  The  samples  were  mounted  on  a  two-axis 
goniometer  and  channelling  angular  scans  were  per¬ 
formed  along  the  [0001]  and  [lOl  1]  directions  [14]. 
The  PL  measurements  were  carried  out  with  a  325  nm 
CW  He-Cd  laser  and  the  excitation  power  density  was 
typically  less  than  0.6  W cm  2.  A  325  nm  band  pass  filter 
was  used  to  attenuate  laser  lines  other  than  the  325  nm 
line.  PL  was  measured  at  temperatures  between  14 
and  300  K  using  a  closed  cycle  helium  cryostat. 
The  luminescence  was  dispersed  by  a  Spex  1704 
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monochromator  (1  m,  1200/mm)  and  detected  by  a 
Hamamatsu  R928  photomultiplier.  Excitation  density 
was  varied  using  a  set  of  neutral  density  (ND)  filters. 


3.  Results 

In  Fig.  1,  a  comparison  between  PL  spectra  of  a 
550°C  implanted  Ca+  sample  with  1  x  1014cm“2  and 
annealed  at  1050°C  during  15  min  and  a  virgin  sample 
annealed  under  the  same  conditions  is  shown.  The 
results  reveal  the  excitonic  lines  at  3.485  and  3.453  eV  in 
the  virgin  sample  with  full  widths  at  half  maximum 
(FWHM)  of  26  and  6meV,  respectively.  At  lower 
energies,  the  PL  of  the  unimplanted  sample  is  dominated 
by  broad  emission  bands  in  the  blue  (2.95  eV),  green 
(2.36  eV)  and  red  (1 .8  eV).  For  the  Ca  implanted  sample, 
a  new  emission  line  is  observed  at  3.46  eV  as  indicated  by 
the  arrow  in  the  inset  of  Fig.  1.  At  lower  energies,  a 
strong  narrow  line  with  an  FWHM  of  4  meV  is  observed 
at  3.368  eV.  Broad  emission  bands  dominate  the 
spectrum  for  lower  energies,  and  as  previously  reported 
by  Pankove  [2]  a  strong  green  emission  with  a  maximum 
at  2.5  eV  is  observed.  Besides  this  emission  band,  the 
same  broad  bands  were  also  observed  in  the  unim¬ 
planted  sample  at  2.95  eV,  2.36  eV  and  1.8  eV.  The 
relative  intensity  of  the  emission  bands  is  dependent  on 
the  laser  spot  position  revealing  that  the  luminescent 
defects  are  not  uniformly  distributed  in  the  samples.  The 
temperature  dependence  of  PL  is  shown  in  Fig.  2.  In  the 
inset,  the  quenching  of  the  3.368  eV  line  is  also 


presented.  Increasing  temperature  favours  an  inversion 
of  the  intensity  of  the  2.36  and  2.59  eV  bands  being 
consistent  with  a  faster  quenching  for  the  2.36  eV  DAP. 
At  room  temperature,  the  green  emission  is  peaked  at 
2.59 eV.  The  red  1.8 eV  DAP  presents  a  shift  of  28meV 
to  higher  energies  with  increasing  temperatures. 

In  order  to  obtain  information  on  the  lattice  site 
location  of  Ca,  we  performed  detailed  angular  scans 
along  the  c-axis  using  the  X-ray  signal  of  Ca  and  Ga 
after  annealing  (Fig.  3).  The  curves  show  a  minimum 
yield  of  25%  for  Ga,  while  for  Ca  we  have  a  value  of 
74% .  Moreover,  the  Ca  curve  is  now  narrower  than  the 
Ga  curve  indicating  that  the  Ca  ions  are  displaced  from 
the  ideal  Ga  sites  of  the  GaN  lattice.  This  displacement 
is  associated  with  the  interaction  of  the  Ca  ions  with 
defects  present  in  its  neighbourhood.  According  to  the 
estimation  [14] 

r  _  j;  ~  Xmin(Ga) 

Aub“l~Xmin(Ga)’ 

where  /su b  is  the  fraction  of  impurity  in  substitutional 
sites,  and  xmin(Ca)  and  zmin(Ga)  are  the  minimum  yields 
at  the  channelling  dips,  we  found  a  fraction  of  35%  of 
Ca  in  regular  sites  along  the  [000 1]  direction. 


4.  Discussion 

The  high  energy  spectrum  of  both  samples  are 
characterised  by  an  NBE  emission  peaked  at  3.485  eV 
due  to  the  overlap  of  DX,  FXA  and  FXB  emissions 


Fig.  1 .  Low  temperature  PL  spectra  of  unimplanted  and  Ca  implanted  samples  under  He-Cd  excitation.  Inset:  Enlarged  spectra  of 
NBE  region; 
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Fig.  2.  Temperature  dependence  of  PL  spectra  of  Ca  implanted  samples  under  He  Cd  excitation  for  a  fixed  laser  position 


Angle(deg) 

Fig.  3.  Particle  induced  X-ray  emission  (PIXE)  spectra  for  the 
GaN  film  implanted  with  Ca  after  annealing  at  1050  C  for 
15 min  (top)  and  angular  scan  along  the  c-axis  (bottom). 


currently  assigned  in  MBE  samples  near  3.475,  3.483 
and  3.489eV,  respectively  [15,16],  For  the  implanted 
samples,  two  new  PL  lines  at  3.46  and  3.368  eV  are 
observed  at  14  K  after  Ca  implantation.  According  to 
theoretical  calculations,  Ca  in  Ga  sites  is  expected  to 
introduce  a  deep  acceptor  level.  If  the  3.46  eV  line  could 
be  assigned  to  an  exciton  bound  to  neutral  Ca,  then  an 
acceptor  level  230  meV  above  the  VB  is  expected. 
Concerning  the  3.368  eV  line,  it  must  be  mentioned  that 
it  is  quite  similar  in  energy  to  the  previously  observed  A 
line  currently  assigned  to  strongly  localised  excitons 
associated  with  excitons  bound  to  stacking  faults  [17- 
19].  As  for  the  A  line,  the  3.368  eV  emission  observed  in 
the  implanted  samples  shows  an  excitonic  nature  with 
the  quenching  processes  being  dominated  by  an  activa¬ 
tion  energy  of  17meV.  However,  it  is  also  known  that 
the  A  hne  is  usually  accompanied  by  an  emission  at 
lower  energies  (3.309eV),  the  A  line  [17-19],  In  our 
samples  this  is  not  the  case,  no  A  line  is  observed. 
Theoretical  studies  of  the  electronic  structure  of  stacking 
faults  in  GaN  have  been  recently  reported  [20,21]  and 
they  reveal  the  presence  of  an  electronic  level  0.13eV 
above  the  VB.  On  the  other  hand,  the  authors  of  Ref. 
[21]  pointed  out  that  stacking  faults  can  bound  a 
quantum-well-like  region  of  zinc-blende  (ZB)  material 
surrounded  by  wurtzite  (WZ)  host.  The  ZB/WZ  inter¬ 
face  exhibits  a  type-II  line  up  with  A£v^0.07eV  and 
A£L%0.27eV.  In  order  to  clarify  the  nature  of  the 
3.368  eV  emission  line  in  Ca  implanted  samples  more 
work  is  under  way. 

Deep  emission  levels  are  currently  observed  in 
undoped  and  intentionally  doped  GaN  samples  givina 
rise  to  blue  [22,23],  yellow  [24]  and  red  [25,26]  PL  bands^ 
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It  is  also  known  that  annealing  treatments  considerably 
alter  deep  emission  levels.  Namely,  two  emission  bands 
at  2.3  and  2.6  eV  have  been  shown  to  be  enhanced  by 
annealing  effects  [27].  In  our  unimplanted  sample,  the 
recombination  is  dominated  by  two  DAP  emissions  at 
2.36  and  1.8  eV,  consistent  with  previous  observations  in 
MBE  annealed  samples  [27].  The  2.36  and  1.8  eV 
emissions  are  also  observed  in  Ca  implanted  samples. 
The  main  features  in  the  Ca  implanted  samples  are  these 
new  lines  at  3.46  and  3.368 eV  as  well  as  the  broad 
emission  band  at  2.59  eV.  While  the  2.36  and  1.8  eV 
bands  show  a  DAP  character,  the  2.59  eV  band  shows  a 
supralinear  dependence  on  excitation  density  and  no 
shifts  of  the  band  maximum  are  observed  with  increas¬ 
ing  delay  times,  temperature  and  excitation  density.  The 
band  has  no  DAP  character.  Similar  observations  were 
found  in  MBE  annealed  samples  [27]  and  by  CL  studies 
[22]  where  the  emission  was  found  to  be  homogeneously 
distributed  with  single  columns  and  attributed  to  a 
complex  defect  involving  point  defects.  If  the  2.59  eV 
band  is  due  to  the  same  defects  responsible  for  the 
emission  observed  in  unimplanted  samples  [22,27]  then 
the  29.5  meV  found  for  the  activation  energy  could  be 
ascribed  to  the  activation  energy  for  non-radiative 
processes  of  the  centre  rather  than  the  ionisation  energy. 
However,  at  the  moment  it  cannot  be  excluded  that  Ca 
would  be  involved  in  the  defect  that  gives  rise  to  the 

2.59  eV  band.  It  is  known  that  Ca  implantation  into 
GaN  samples  causes  lattice  expansion  and  only  a  part  of 
the  implanted  species  occupies  Ga  sites  [6-9]  being 
electrically  compensated  due  to  the  formation  of 
complex  defects  with  donor-like  point  defects,  such  as 
Caoa-VN  and/or  CaGa-GaN  [8].  Assuming  that  the 
acceptor  is  compensated  by  the  presence  of  a  deep  donor 
located  ~600meV  below  the  CB,  the  emission  at 

2.59  eV  could  be  explained  by  a  defect-defect  recombi¬ 
nation  between  the  deep  donor  and  the  300  meV 
acceptor.  A  schematic  model  showing  this  hypothesis 
for  the  emission  bands  is  depicted  in  Fig.  4. 


Fig.  4.  Schematic  model  for  the  recombination  processes. 


5.  Conclusions 

New  excitonic  lines,  as  well  as  a  broad  emission  at 

2.59  eV  without  DAP  characteristics  were  found  in  Ca 
implanted  GaN  samples.  One  of  the  excitonic  lines  at 
3.46  eV  is  tentatively  assigned  to  Ca  on  Ga  sites,  because 
33%  of  the  Ca  can  be  found  in  nearly  substitutional  Ga 
sites  by  RBS.  If  so,  the  acceptor  level  is  located  at 
230  meV  above  VB.  As  the  samples  do  not  show  a  p-type 
conductivity,  deep  donors  probably  compensate  the 
acceptors.  In  order  to  determine  the  nature  of  the 
3.368  eV  emission  more  work  is  under  way.  We 
mentioned  that  this  line  occurs  similar  to  the  energy  in 
the  h  line;  however,  the  line  is  not  accompanied  by  the 
I4  line  currently  assigned  to  excitons  bound  to  stacking 
faults. 
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Abstract 

We  have  studied  the  time-dependent  processes  leading  to  the  irreversible  increase  of  conductivity  in  pressure-grown 
GaN :  Mg.  The  analysis  is  based  on  a  two-level  model  with  a  shallow  ( Ev  +  0. 1  eV)  Mg-related  acceptor  level  and  a  deep 
level  at  Ev  +  0.9  eV.  Our  data  indicate  that  the  deep  defect  is  present  in  all  as-grown  GaN :  Mg  samples  and  is  generated 
in  a  large  quantity  by  annealing  above  600°C.  The  other  process,  which  leads  to  the  appearance  of  shallow  Mg 
acceptors,  is  observed  at  temperatures  as  low  as  ~300°C  and  terminates  below  600°C.  From  an  analysis  of  the  time 
dependences  for  both  processes  we  found  that  the  respective  activation  energies  differ  by  a  factor  of  2.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Impurity  and  defect  levels;  Annealing;  P-doping 


Magnesium  is  practically  the  only  acceptor  impurity 
in  Group-Ill  nitrides.  In  most  cases,  however,  it  is 
electrically  inactive  in  as-grown  material  and  special 
annealing  steps  are  required  for  obtaining  efficient  p- 
type  conductivity  [1].  Such  Mg  acceptor  activation  in 
MOCVD  grown  samples,  which  is  achieved  by  anneal¬ 
ing  at  temperatures  700-800°C,  is  attributed  to  the 
dissociation  of  Mg-N-H  complexes.  It  was,  however, 
pointed  out  that  this  temperature  is  much  higher  than 
that  expected  from  the  calculated  energy  of  complex 
dissociation  [2].  This  means  that  additional  information 
is  needed  to  fully  understand  the  mechanism  of  Mg 
activation  processes. 

With  such  motivation,  we  have  studied  thermally 
activated,  time-dependent  processes  that  lead  to  an 
increase  of  the  p-type  conductivity  in  bulk  GaN :  Mg. 
The  crystals  were  grown  under  high  N2  pressure  from 
Mg-rich  Ga  melt.  The  as-grown  material  has  high 
resistivity  due  to  the  high  background  concentration  of 
O  donors  which  compensate  the  Mg  acceptors.  As  we 
reported  earlier  [3],  in  this  material  an  increase  of 
Mg  acceptor  concentration  is  observed  even  at  300°C. 
Moreover,  we  indicated  that  in  order  to  describe  the 
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properties  of  the  materials  studied,  a  two-level  scheme 
should  be  used.  In  addition  to  the  shallow  Mg  acceptor, 
the  deep  level  at  Ew  +  0.9  eV  should  be  introduced.  An 
important  increase  of  deep  state  concentration  was 
observed  in  the  second  annealing  process  between  600°C 
and  750°C. 

In  the  present  work,  we  concentrate  on  the  kinetics  of 
both  annealing  processes  by  analyzing  the  time  depen¬ 
dences  of  resistivity  measured  during  isothermal  anneal¬ 
ing.  The  details  concerning  crystal  growth  and  sample 
preparation  can  be  found  in  the  previous  paper  [3]. 

In  our  experiment,  we  measured  the  sample  resistivity, 
p,  as  a  function  of  annealing  time,  at  fixed  temperature 
Tann-  The  process  of  annealing  was  interrupted  at  certain 
moments  and  the  dependence  p  vs.  temperature  was 
measured.  The  temperature  in  such  measuring  cycles 
was  lower  than  T^n,  and  the  dependences  p(T)  were 
reversible.  Fig.  1  presents  the  results  of  such  experiments 
for  two  GaN :  Mg  samples.  The  points  on  the  left-hand 
side  (Fig.  la)  show  the  sample  resistivity  decreasing  with 
time  during  isothermal  annealing.  Those  on  the  right- 
hand  side  (Fig.  lb)  give  the  Arrhenius  plots  p  vs.  (1/77) 
found  in  different  points  of  annealing  process.  The 
evolution  of  the  Arrhenius  characteristics  p  vs.  (1/T) 
which  is  seen  in  Fig.  lb  is  typical  for  all  samples  studied 
by  us.  Initially,  their  slope  (activation  energy)  is  high 
and  does  not  vary  when  the  resistivity  decreases  during 
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Fig.  1.  (a)  Time  dependence  of  resistivity  measured  for  two  GaN  :  Mg  samples  during  isothermal  annealing  and  (b)  resistivity  p  vs.  1  fT 
measured  at  different  stages  of  annealing  process.  Arrows  mark  the  interruption  in  annealing  processes  (a)  during  which  the 
measurements  shown  in  (b)  were  performed.  Continuous  lines  in  (b)  arc  calculated  using  Eq.  (1)  (sec  Fig.  2).  The  lines  in  (a)  are 
calculated  using  the  fitting  from  Fig.  3. 


annealing.  At  some  point  it  changes  to  the  low  value 
characteristic  for  Mg  acceptors,  and  then  remains 
constant  up  to  the  end  of  the  process.  Such  a  surprising 
behavior  is  explained  by  the  model  analysis  that  follows. 

As  we  have  remarked  in  the  preceding  work  [3],  the 
electrical  properties  of  samples  in  which  the  saturation 
of  p  was  achieved  by  annealing  at  ~  500rC,  are  stable 
only  below  600'C.  Above  60(TC,  a  decrease  of  sample 
resistivity  with  time  is  observed  again.  Also  in  this  case, 
we  have  carried  out  the  experiments  identical  to  that  in 
Fig.  1.  The  feature  which  now  characterizes  the  evolu¬ 
tion  of  the  Arrhenius  dependences  p  vs.  (I /T)  is  the 
downward  shift  of  their  high-temperature  part.  The  acti¬ 
vation  slope  remains  unchanged  being  equal  to  about 
0.5  eV. 

The  analysis  of  the  results  is  based  on  the  solution  of 
the  neutrality  equation  for  p-type  conduction  with  two 
acceptor  levels  that  are  strongly  compensated: 


P  +  N  D  = 


_ A^a _ 

1  +  I/# exp ((£a  -  Er)/kT) 


_ N,\i _ 

\  +  \/gtxp((EM  -Ei:)/kT? 


(1) 


where  p  is  the  hole  concentration  given  by  p  — 
Nyexp(-Ef/kT).  We  denote  by  NA  and  EA  the 
concentration  and  energy  of  shallow  acceptors,  NA] 
and  EA\  apply  to  deep  centers  and  g  denotes  the 
degeneracy  factor.  is  the  concentration  of  compen¬ 
sating  donors  assumed  equal  to  5  x  10,9cm“\  i.e.  the 
concentration  of  oxygen  atoms  found  by  SIMS  mea¬ 
surements. 

In  order  to  compare  the  results  given  by  the  solution 
of  Eq.  (1)  with  experiment,  we  calculated  the  resistivity 
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Fig.  2.  Resistivity  vs.  inverse  temperature  p(\/T)  calculated  in 
the  model  of  two  acceptor  levels,  heavily  compensated  by 
shallow  donors  ( Ari>  =  5  x  I0fl)  cm  3).  Curves  are  calculated  for 
constant  concentration  of  deep  (E,  +900meV)  states  ArAi  = 
5.5  x  10t7cm  1  varying  shallow  acceptor  concentration  NA 
which  increases  from  the  top  to  the  bottom  of  the  figure.  (The 
energy  EA  assumed  equal  to  HOmeV.)  The  thick  line 
corresponds  to  NA  =  Ad. 


as  p  —  l/<7  =  \/ephp  with  the  single  value  of  hole 
mobility  ph  =  5cnr/Vs  [3]. 

An  example  of  the  results  given  by  such  model 
calculations  is  shown  in  Fig.  2.  The  shown  set  of  curves 
p  vs.  (1  /T)  illustrates  the  evolution  of  the  Arrhenius 
dependences  when  only  the  shallow  acceptor  concentra¬ 
tion  Na  is  varied.  In  the  upper  part  of  Fig.  2.  N,\  is 
assumed  to  be  lower  than  the  shallow  donor  concentra¬ 
tion  Ad,  while  in  the  lower  part  NA  >  N\>. 

Comparing  Fig.  2  with  the  experimental  results  in 
Fig.  lb  clearly  indicates  that  the  low-temperature 
annealing  process  can  be  explained  as  increasing  the 
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concentration  of  shallow  acceptors  when  the  concentra¬ 
tion  of  deep  centers  does  not  change.  For  the  case  when 
only  one  level  determines  the  hole  concentration  (i.e.  far 
from  line  NA  =  No  in  Fig.  2),  Eq.  (1)  reduces  to  a 
simpler  form.  As  a  result,  in  the  lower  part  of  Fig.  2, 
the  approximate  solution  of  Eq.  (1)  gives  E?  =  EA  — 
kT  \n(g(N A/  No  -  1)).  The  hole  density  is  then  propor¬ 
tional  to  the  quantity  A N\  =  NA  -  ND  and  becomes 
p  =  Nv(T)gANA/No-  This  means  that  A NA(t)  can  be 
determined  from  the  measured  dependence  pit ),  once  EA 
is  known.  Similarly,  in  the  upper  part  of  Fig.  2  (above 
apparent  diagonal)  we  have  E?  =  EA\  - 
kT\n(g(NA]/NDerr-l)).  In  this  case,  the  effective 
concentration  of  donors  N&  eff  which  compensate  deep 
centers  is  given  by  the  difference  No  —  NA,  i.e.,  ANa  has 
an  opposite  sign.  Also,  in  this  case,  ANa  can  be 
calculated  from  the  measured  resistivity.  The  (constant) 
magnitude  of  deep  center  concentration,  NA\,  can  be 
determined  directly  from  the  experimental  dependences, 
p  vs.  (1  /T),  if  they  have  the  form  of  two-slope  curves 
similar  to  that  shown  for  sample  BIANCO  12  (3  in 
Fig.  lb)  or  determined  from  best  fitting. 

The  time  variation  of  A NA,  calculated  in  the  described 
manner  from  experimental  p(t)  data,  is  shown  in  Fig.  3. 
Two  curves  correspond  to  the  data  from  Fig.  2.  The 
third  relates  to  sample  LINDA6  where  annealing  at 
550°C  does  not  change  the  slope  of  the  Arrhenius  plots. 
All  the  dependences  in  Fig.  3  are  fitted  to  a  function 
which  is  the  sum  of  two  exponentials 

ANA(t)=A0  +  A\(\  -  exp(  -  t/x\)) 

+  A2(  1  -  exp(  -  t/ t2))  (2) 

with  two  amplitudes  A\,  A2  of  the  same  order  of 
magnitude  and  a  ratio  ti/t2«10.  The  total  amplitude 


A\A- A2  corresponds  to  the  increase  of  the  effective 
concentration  of  Mg  acceptors.  As  can  be  determined 
from  Fig.  3,  the  greatest  increase  equals  to  5.5  x 
1017cm~3.  The  hydrogen  concentration  found  by  the 
SIMS  method  for  our  samples  is  of  the  same  order  of 
magnitude.  This  makes  plausible  the  hypothesis  that  the 
low-temperature  annealing  process  is  connected  with  the 
dissociation  of  complexes  involving  Mg-H  pairs.  Some 
additional  experimental  facts  seem  to  indicate  that  the 
two  exponential  components  that  describe  the  kinetics 
really  correspond  to  two  processes,  possibly  involving 
Mg-H  in  different  configurations  (e.g.  as  described  in 
Ref.  [2]). 

In  the  case  of  annealing  at  T  >  600°C,  the  resistivity 
decreases  due  to  an  increase  in  the  concentration  of  deep 
centers,  NA\  [3].  To  determine  the  kinetics  of  this  pro¬ 
cess,  annealing  data  in  two  samples  were  analyzed. 

This  time  the  approximation  used  was  p  = 
(NvNA\/g)^2  Qxp(—EA\/2kT)  derived  from  (Eq.  (1)), 
when  NA\  No  eff-  In  this  manner  we  found  that  the 
final  deep  center  concentration  generated  in  the  high- 
temperature  process  in  the  two  samples  measured  at 
T  =  730°C  was  equal  to  6  x  1018  and  3.5  x  1019cm-3 
(the  initial  values  of  NA\  were  about  1016cm”3- 
5.5  x  1017cm~3).  The  time  dependences  NA\(t)  are 
exponential  functions  with  the  time  constants  reported 
in  Fig.  4. 

Fig.  4  is  illustrated  with  the  aim  to  get  some  idea  as  to 
how  the  presented  results  relate  to  Nakamura’s  process 
of  Mg  activation  in  MOCVD  layers  [1].  At  first,  we  look 
for  a  simple  model  capable  of  reproducing  the  results  of 
the  isochronal  annealing  given  in  Ref.  [1].  We  found  that 
such  process  should  be  characterized  by  a  barrier  of 
2.85  eV.  In  Fig.  4,  it  is  represented  by  the  line  £N\  The 
points  below  this  line  represent  the  time  constants  for 


time  [min] 


Fig.  3.  Time  variation  of  shallow  acceptor  concentration 
during  low-temperature  isothermal  annealing,  deduced  from 
the  measured  R  vs.  time  dependence.  The  continuous  lines  are 
fitted  according  to  formula  (2). 


1000/T  [1/K] 


O  GUARDI0LA1 
y  B1ANC012 
□  BIANC011 
4  BACHUS5 
▲  UNDA6 
■  BACHUS4 


Fig.  4.  Time  constants  of  annealing  kinetics  as  a  function  of 
inverse  temperature.  The  line  N  corresponds  to  the  annealing 
process  in  MOCVD  samples  (Experimental  data  from  Ref.  [1] 
reinterpreted  to  obtain  activation  times — see  text).  H  relates  to 
high-temperature  annealing.  The  points  below  N  correspond  to 
low  temperature  process.  The  line  L  passes  through  the  data 
measured  on  sample  Guardiolal. 
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isothermal  low-temperature  annealing ,  found  for  six 
GaN :  Mg  samples.  (The  longer  times,  which  determine 
the  duration  of  annealing,  are  shown).  Although  the 
speed  of  this  process  differs  from  sample  to  sample,  the 
thermally  activated  character  is  clearly  seen  for  the 
sample  GUARDIOLA1  (open  circles).  This  sample  was 
annealed  at  several  temperatures  starting  from  305°C 
which  enabled  us  to  determine  the  dependence  of  the 
time  constant  on  temperature.  As  can  be  seen,  it 
corresponds  to  the  process  activated  with  energy 
1.67  eV  (see  the  straight  line  ‘L’).  As  concerns  the  high 
temperature  process,  the  corresponding  time  constants 
lie  above  the  line  N.  The  activation  energy  for  this 
process  can  be  estimated  to  be  3.3  eV  which  corresponds 
to  line  ‘H\ 

In  summary,  we  have  studied  the  evolution  of  the 
electrical  properties  in  the  bulk  GaN: Mg,  caused  by 
annealing  at  temperatures  300-750'C.  The  presence 
of  two  defect  levels,  compensated  by  shallow  oxygen 


donors,  are  confirmed  in  all  samples.  In  particular,  the 
deep  Ey  +  0.9eV  center  is  responsible  for  initial  Fermi 
level  pinning  in  untreated  samples  and  at  the  beginning 
of  low  temperature  annealing.  The  shallow'  acceptor 
levels  of  Mg  are  created  (in  relatively  low  quantity) 
during  annealing  at  low  temperature  and  can  become 
dominant.  The  high-temperature  annealing  process  has 
an  activation  barrier  2  times  greater  than  that  of  the 
low-temperature  one.  It  causes,  however,  the  generation 
of  an  important  number  of  deep  centers. 
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Abstract 

Magnetic  resonance  experiments,  including  optically  detected  magnetic  resonance  (ODMR)  and  electron 
paramagnetic  resonance  (EPR),  have  been  performed  on  Si-doped  homoepitaxial  GaN  layers  grown  by  MOCVD 
and  on  high  quality,  free-standing  ( ~  200  (im-thick)  GaN  grown  by  HVPE.  This  allowed  us  to  obtain  information  on 
the  properties  of  native  defects  and  dopants  in  GaN  with  a  significantly  reduced  density  of  dislocations  (<107cm-2) 
compared  to  that  typically  observed  (~mid  108-1010cm-2)  in  conventional  heteroepitaxial  GaN  layers.  The  high 
structural  and  optical  quality  of  the  layers  was  revealed  by  cross-sectional  TEM  and  detailed  low-temperature 
photoluminescence  (PL)  studies,  respectively.  ODMR  at  24  GHz  on  strong  shallow  donor-shallow  acceptor 
recombination  from  the  Si-doped  homoepitaxial  layer  reveals  evidence  for  Si  or  C  shallow  acceptors  on  the  N  sites. 
EPR  of  the  new  free-standing  HVPE  GaN  confirms  the  low  concentration  of  residual  donors  (~1016cm-3)  as 
determined  by  Hall  effect  measurements.  In  addition,  new  deep  centers  are  found  from  ODMR  on  the  2.4  eV  “green” 
PL  band  and  on  the  broad  emission  less  than  1.8  eV  from  the  HVPE  GaN  template.  However,  contrary  to  expectations, 
the  reduction  of  random  strain  fields  (associated  with  dislocations)  has  not  led  to  significant  changes  in  the  character  of 
the  magnetic  resonance  (such  as  resolved  electron-nuclear  hyperfine  structure)  compared  to  that  typically  found  for 
heteroepitaxial  GaN  layers.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Homoepitaxial;  Photoluminescence;  Magnetic  resonance;  HVPE 


1.  Introduction 

Dislocations  are  commonly  thought  to  have  a 
significant  impact  on  the  incorporation  of  impurities 
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and  other  point  defects  in  GaN.  Their  influence  on  the 
electrical  and  optical  properties  of  GaN  and  related 
alloys  has  been  a  subject  of  high  interest.  This  includes 
their  role  as  charged  scattering  centers  and  source  of 
leakage  paths  in  carrier  transport  in  GaN  materials  and 
device  structures  [1,2].  Also,  it  has  been  suggested  that 
radiative  recombination  processes  such  as  the  ubiqui¬ 
tous  2.2  eV  “yellow”  emission  band  occurs  at  or  near 
dislocations  [3]. 

The  high  levels  of  dislocations  (~mid-108-1010cm-2) 
typically  found  in  conventional  GaN  heteroepitaxial 
layers  are  often  thought  to  compromise  the  identifica¬ 
tion  of  residual  defects  and  to  influence  the  spin 
properties  of  dopants  as  investigated  through  magnetic 
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resonance  techniques.  For  example,  random  strain  fields 
associated  with  the  dislocations  can  strongly  influence 
the  spin  properties  of  shallow  acceptors  derived  from 
degenerate  or  nearly  degenerate  valence  band  states. 
Also,  as  a  source  of  additional  broadening,  these  strain 
fields  can  render  electron-nuclear  hyperfine  structure 
unobservable. 

In  order  to  explore  these  issues,  low-temperature 
photoluminescence  (PL),  electron  paramagnetic  reso¬ 
nance  (EPR),  and  optically  detected  magnetic  resonance 
(ODMR)  have  been  performed  on  homoepitaxial  GaN 
layers  grown  by  MOCVD  and  on  high-quality,  free¬ 
standing  (thick)  GaN  grown  by  HVPE.  This  allowed  us 
to  obtain  information  on  the  properties  of  native  defects 
and  dopants  in  GaN  with  dislocation  densities  at  least 
2-3  orders  of  magnitude  smaller  than  usually  observed 
for  GaN  deposited  on  AUOy  or  6H-SiC  substrates. 
Several  new  defects  are  revealed  from  these  studies, 
including  evidence  for  either  shallow  Si  or  C  acceptors 
on  the  N  sites  in  the  GaN  homoepitaxial  layers  and  for 
new  deep  centers  in  the  HVPE-grown  GaN.  However, 
contrary  to  expectations,  the  reduction  of  random  strain 
fields  (associated  with  the  dislocations)  has  not  led  to 
significant  changes  in  the  character  of  the  magnetic 
resonance  compared  to  that  typically  found  for  conven¬ 
tional  heteroepitaxial  GaN  [4-7]. 

2.  Experimental  background 

PL  and  ODMR  experiments  were  performed  on  GaN 
homoepitaxial  layers  grown  by  MOCVD  on  the  (000  1) 
Ga  face  of  (unintentionally  doped)  GaN  bulk  crystals. 
More  details  on  the  high  pressure-high  temperature 
synthesis  of  these  crystals  and  the  particular  treatment 
of  the  surfaces  prior  to  deposition  of  the  CVD  layers  are 
provided  elsewhere  [8-9].  In  this  work  the  PL  and 
ODMR  from  a  1  pm-thick  Si-doped  (^  1-2  x  10l7cm  3) 
GaN  homoepitaxial  layer  are  highlighted.  This  film  was 
deposited  on  top  of  5  pm  of  undoped  MOCVD-grown 
GaN.  Cross-sectional  TEM  measurements  revealed  the 
high  structural  quality  of  these  undoped  and  Si-doped 
homoepitaxial  layers  with  dislocation  densities 
<107cm'2.  However,  it  is  possible  that  the  dislocation 
densities  are  significantly  lower  as  observed  from  defect 
selective  etching  experiments  [10]  of  similar  homoepi¬ 
taxial  layers  grown  on  these  GaN  bulk  crystals. 

PL,  EPR,  and  ODMR  were  also  performed  on  thick 
(~ 200  pm)  free-standing  (n-type)  GaN  grown  by  HVPE 
after  laser-assisted  liftoff  from  the  parent  2  in  dia.  ALO^ 
substrate  [1 1].  We  note  that  the  ODMR  was  obtained  on 
PL  from  the  top  (growth-surface)  side  of  this  material 
which  was  mechanically  polished  and  reactive  ion 
etched.  Recent  X-ray.  AFM.  TEM,  and  Raman  scatter¬ 
ing  measurements  [1 1-14]  all  indicate  the  high  crystalline 
quality  of  this  HVPE  GaN.  In  particular,  similar  to  that 


found  for  the  GaN  homoepitaxial  layers,  dislocation 
densities  <  107cnT  2  were  revealed  by  TEM  images  [11]. 
Furthermore,  variable-temperature  Hall  effect  measure¬ 
ments  [12,15]  on  samples  from  the  same  wafer  or  ones 
similar  to  those  investigated  in  this  work  revealed 
remarkably  low  levels  of  residual  shallow  donors 
(~7  x  10l5-1.2  x  10,6cm  3)  and  compensating  accep¬ 
tors  (~2-3x  10,5cm"3)  and,  in  addition,  the  highest 
low-temperature  electron  Hall  mobilities  (^8000  cm2/ 
V  s)  attained  to  date  in  bulk  GaN. 

High-resolution  PL  was  obtained  at  5K  with  the 
325  nm  line  from  a  He-Cd  laser.  This  emission  was 
analyzed  by  a  0.85-m  double-grating  spectrometer  and 
detected  by  a  GaAs  PMT.  The  PL  between  1.3  and 
3.3  eV  was  also  obtained  at  1.6  K  under  the  same 
photoexcitation  conditions  as  employed  in  the  ODMR 
experiments.  This  PL  was  generated  by  the  351  nm  line 
from  an  Ar'*  -ion  laser  (~lW/cm2),  analyzed  by  a 
0.22-m  double-grating  spectrometer,  and  detected  by  a 
Si  photodiode.  The  9.5 GHz  EPR  and  24 GHz  ODMR 
spectrometers  used  in  this  work  are  described  else¬ 
where  [5]. 


3.  Results  and  discussion 

3.1.  GaN  homoepitaxial  layers 

As  observed  by  other  groups  [16-18],  high-resolution 
PL  studies  confirmed  the  high-crystalline  quality  of  our 
undoped  and  Si-doped  GaN  homoepitaxial  layers  [19]. 
In  particular,  the  Si-doped  homoepitaxial  sample 
exhibits  sharper  excitonic  PL  (linewidths^  1  meV)  com¬ 
pared  to  that  reported  previously  for  GaN  grown  on 
A1203  with  similar  Si  doping  levels  [20].  The  PL  below 
3.4 eV  from  the  Si-doped  homoepitaxial  layer  is  shown 
in  Fig.  1.  Strong  recombination  at  3.26  eV  and  a  series  of 
LO  phonon  replicas  (i?LO~92meV)  at  lower  energies 
are  observed.  This  emission  shifts  monotonically  to 
lower  energies  with  decreasing  excitation  power  densities 
(~llmeV  with  PCjK.  reduced  from  1  to  0.001  W/cm2). 
Based  on  these  characteristics  and  previous  work  [21], 
this  PL  is  attributed  to  a  recombination  between  shallow 
Si  donors  (£li~30meV)  and  shallow  acceptors 
(£;1  ~220meV).  Likely  candidates  for  the  shallow 
acceptors  will  be  discussed  shortly.  In  addition,  as 
invariably  observed  to  some  degree  of  strength  in  most 
n-type  (as-grown  or  Si-doped)  CVD  GaN  [5].  a  broad 
“yellow”  PL  band  at  2.2 eV  is  also  found.  No  additional 
emission  was  observed  from  this  layer  between  1.3  and 
1.8eV. 

The  ODMR  obtained  on  the  2.2 eV  PL  band  from  the 
Si-doped  GaN  homoepitaxial  layer  with  Blc  is  shown 
in  Fig.  2.  For  comparison,  ODMR  on  similar  emission 
from  (n-type)  heteroepitaxial  GaN  reference  layers 
grown  on  ALOj  [5]  and  6H-SiC  [22]  is  also  provided. 
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Fig.  1.  PL  obtained  below  3.4eV  at  1.6 K  from  the  Si-doped 
GaN  homoepitaxial  layer  with  ~  1  W/cm2  of  351  nm  radiation. 


MAGNETIC  FIELD  (mT) 


Fig.  2.  ODMR  spectra  found  at  24  GHz  on  the  2.2  eV  “yellow” 
PL  bands  from  the  Si-doped  homoepitaxial  GaN  layer  and 
heteroepitaxial  GaN  layers  grown  on  A1203  and  6H-SiC 
(EM=effective-mass  donor,  DD=deep  defect). 


The  lower  signal-to-noise  ratio  of  the  ODMR  from  the 
homoepitaxial  layer  (as  also  seen  in  Fig.  3)  relative  to 
that  found  for  the  reference  samples  mainly  reflects  the 
degradation  of  the  microwave  cavity  mode  due  to  the 
high  conductivity  of  the  bulk  GaN  substrate.  However, 
it  is  clear  that  the  character  of  the  ODMR  observed  on 
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Fig.  3.  ODMR  obtained  on  the  3.26 eV  SD-SA  PL  from  the 
homoepitaxial  GaN: Si  film.  The  dashed  curve  is  a  two- 
component  fit  of  the  spectrum  with  B  15°  from  the  c-axis. 
The  dotted  line  indicates  the  position  of  the  SD  resonance  with 
B  near  the  c-axis. 


this  emission  in  the  three  cases  is  quite  similar. 
Unfortunately,  in  spite  of  the  reduced  level  of  disloca¬ 
tions,  no  resolved  hyperfine  structure  could  be  observed 
in  the  magnetic  resonance  of  the  homoepitaxial  layer. 
The  sharp  feature  (FWHM  ~2-3mT)  with  g^  —  1.952 
and  =  1.949  is  assigned  to  (effective-mass)  shallow 
donors  based  on  the  previous  work  [4,5].  The  shallow 
donors  are  likely  Si  on  the  Ga  sites  although  residual  O 
on  the  N  sites  may  also  contribute  to  part  of  this  signal 
based  on  recent  evidence  for  the  shallow  nature  of  O 
impurities  in  GaN  [23].  Most  groups  agree  that  the 
broad  resonance  (FWHM  ~  15mT)  with  =  1.989  and 
gL  =  1.992  is  associated  with  a  deep  defect  (DD).  We 
first  ascribed  this  feature  to  deep  donors  based,  in  part, 
on  the  small  negative  0-shift  with  respect  to  the  free 
electron  0-value  of  2.0023  [5].  However,  from  a  magnetic 
resonance  standpoint,  the  donor  or  acceptor  character 
of  this  center  is  an  open  question  based  on  the 
observation  of  similar  0-shifts  for  one  of  the  extremal 
g-values  (i.e.,  gx)  associated  with  shallow  Mg  acceptors 
in  GaN  [24,25]. 

Representative  ODMR  found  on  the  strong  3.26  eV 
SD-SA  PL  from  the  Si-doped  GaN  homoepitaxial  film 
is  shown  in  Fig.  3.  Two  luminescence-increasing  signals 
are  observed.  The  first  feature  (labeled  SD)  is  again 
attributed  to  shallow  donors  based  on  the  resonance 
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parameters  (i.e..  g±  -1.95).  The  second  line  (labeled 
SA)  is  only  observed  above  the  background  for  B<45° 
from  the  c-axis.  However,  if  we  take  this  limited  data  set 
and  the  usual  expression  for  the  (/-values  in  the  case  of 
axial  symmetry  that  describes  most  of  the  magnetic 
resonance  observed  to  date  in  GaN  (i.e.,  g(0)  = 
(g\  cos2  0  +  g\  sin2  0)1  2,  where  0  denotes  the  angle 
between  B  and  the  c-axis),  the  extremal  (/-values  for 
this  resonance  are  cj  -2.1  and  g±  -  1.99  4  Most  notably, 
this  g-tensor  is  quite  similar  to  that  found  from  EPR  and 
ODMR  of  shallow  Mg  acceptors  in  heteroepitaxial  Mg- 
doped  GaN  [23,24],  For  example,  a  comparison  of  the 
ODMR  found  on  the  SD-SA  emission  from  the 
homoepitaxial  layer  with  that  observed  on  equivalent 
emission  from  a  Mg-doped  GaN/ALO,  heteroepitaxial 
layer  with  [Mg]  -2.5  x  10,Kcm"3  (grown  in  a  separate 
CVD  reactor)  is  shown  in  Fig.  4.  Thus,  based  on  the 
similar  character  of  the  PL  bands  and  the  magnetic 
resonance,  the  broad  ODMR  feature  on  the  3.26  eV  PL 
from  the  Si-doped  homoepitaxial  layer  is  assigned  to 
shallow  acceptors. 

We  note  that  Mg  had  never  been  introduced  as  a 
dopant  source  in  the  reactor  employed  for  the  growth  of 
these  homoepitaxial  layers.  Thus,  we  propose  that  likely 
candidates  for  the  residual  shallow  acceptors  are  C  or  Si 
on  the  N  lattice  sites.  The  amphoteric  nature  of  Si  and  C 
has  been  established  for  other  III— V  semiconductors 
such  as  GaAs  [26].  In  addition,  recent  PL  work  suggests 
that  Si  also  introduces  an  acceptor  level  in  GaN  with  EA 
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Fig.  4.  Comparison  of  the  ODMR  observed  on  the  SD  -SA  PL 
bands  from  a  Mg-doped  GaN/ALO,  sample  (from  Ref.  [24]) 
and  the  Si-doped  GaN  homoepitaxial  layer.  The  emission  from 
the  Mg-doped  GaN  layer  was  analyzed  through  a  0.22  m 
double-grating  spectrometer. 


of  -220meV  [27].  Thus,  this  feature  (SA)  is  tentatively 
assigned  to  SiN  shallow  acceptors,  but  we  can  not  rule 
out  Cn  being  responsible  for  all  or  part  of  this  signal. 
Additional  work  is  underway  to  identify  this  defect  [19]. 

The  apparent  loss  of  the  shallow  acceptor  resonance 
in  the  homoepitaxial  layer  for  0^45\  perhaps  due  to 
severe  broadening,  is  not  understood  at  this  time.  We 
note,  however,  that  similar  intensity  behavior  and 
broadening  (though  not  to  the  same  degree)  are  often 
observed  from  magnetic  resonance  of  (effective-mass) 
shallow  acceptors  and  holes  with  highly  anisotropic  g- 
tensors  (i.e.,  g(0)  =  </-,  cos(0),  (/,.  -2-4,  gL  -0)  associated 
with  the  mj  =  +3/2  (heavy-hole)  valence  band  in  other 
semiconductors  such  as  bulk  6H-SiC  [28]  and  CdS  [29] 
and  SiGe  quantum  wells  under  tensile  strain  [30].  For 
such  states,  any  inhomogeneity  in  g[{  will  lead  to  a 
pronounced  broadening  of  the  resonance  when  g(0)  is 
rapidly  changing  as  is  the  case  with  0^45°. 

Finally,  we  note  that  the  nearly  isotropic  (/-tensor 
associated  with  the  shallow  acceptors  in  the  Si-doped 
homoepitaxial  GaN  layer  is  quite  different  than  the 
highly  anisotropic  g-tensor  expected  (given  above)  for 
such  centers  in  WZ  GaN  from  effective-mass  theory  [31]. 
This  likely  reflects  a  symmetry-lowering  local  distortion 
of  the  shallow  acceptors.  Overall,  the  present  results 
suggest  that  (a)  the  non-effective  mass  like  character  is 
not  specific  to  MgGa  shallow  acceptors  and  (b)  random 
strain  fields  associated  with  high  dislocation  densities  do 
not  appear  to  be  the  major  source  of  perturbation 
responsible  for  the  nearly  isotropic  (/-tensors  observed 
for  shallow  acceptors  in  conventional  heteroepitaxial 
GaN. 

3.2.  Free-standing  (thick)  HVPE  GaN 

Though  not  nearly  as  sharp  as  the  excitonic  PL 
observed  from  undoped  GaN  homoepitaxial  layers  with 
linewidths  of  —0.1  meV  [16-19],  the  bandedge  emission 
from  these  free-standing  (thick)  HVPE  GaN  templates  is 
characterized  by  linewidths  less  than  1  meV  [14].  An 
example  of  a  high-resolution  PL  spectrum  obtained  at 
5  K  that  demonstrates  the  high  crystallinity  of  this 
material  is  shown  in  the  inset  of  Fig.  5.  Both  impurity- 
bound  and  free  exciton  lines  are  observed  between  3.46 
and  3.52  eV  [14].  The  PL  below  3.3  eV  from  this  sample 
is  also  shown  in  Fig.  5.  Most  notably,  instead  of  the 
2.2  eV  “yellow”  PL  band,  a  broad  “green”  emission 
band  at  2.4 eV  is  found.  Recent  lapping  studies  [13]  of 
these  templates  with  —15  pm  removed  from  the 


4  We  note  that  the  highly  anisotropic  expression  expected  for 
the  //-tensor  (i.e.,  g(0)  =  g  cos(ft),  g  —0)  of  effective-mass 
shallow  acceptors  in  WZ  GaN  (as  found  for  shallow  acceptors 
in  other  semiconductors  with  similar  hexagonal  crystal  sym¬ 
metry  such  as  6H-SiC  and  CdS)  does  not  describe  the  (/-values 
of  this  resonance. 
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Fig.  5.  PL  spectrum  obtained  below  3.3  eV  at  1.6K  from  the 
free-standing  HVPE  GaN  template.  The  small  dip  near  1 .8  eV  is 
a  grating  response.  Inset:  high  resolution  PL  found  at  5  K  in  the 
near-bandgap  spectral  regime  (from  Ref.  [14]). 


damaged  back  surface  indicate  that  this  emission  is 
intrinsic  to  the  bulk  material  (i.e.,  not  a  result  of  the 
post-growth  treatment).  One  group  has  proposed  that 
isolated  Ga  vacancies  (Vca)  or  Voa -related  complexes 
are  involved  in  this  “green”  PL  [32].  In  addition,  as 
typically  observed  from  HVPE-grown  GaN  [33,34],  this 
sample  exhibits  weak,  broad  emission  between  1.4  and 
1.8  eV  (referred  to  as  the  “red”  PL  band). 

A  representative  EPR  spectrum  obtained  for  the 
170pm-thick  GaN  template  with  Blc  is  shown  in 
Fig.  6.  The  EPR  for  a  lOpm-thick  HVPE-grown  GaN/ 
A1203  reference  sample  with  nm  k  ~  1  x  1017cm~3  is 
also  shown  for  comparison.  Single  lines  with 
g±  ~1.95  are  found  and  ascribed  to  shallow  donors  as 
discussed  earlier.  Most  notably,  the  density  of  spins 
associated  with  the  signal  from  the  Samsung  sample  is 
estimated  to  be  ~6xl015cm-3  (  +  50%)  from  a 
comparison  with  the  EPR  of  a  P-doped  Si  standard. 
This  density  is  in  good  agreement  with  the  concentration 
of  uncompensated  shallow  donors  (ND-NA)  deter¬ 
mined  from  variable-temperature  Hall  effect  measure¬ 
ments  of  samples  from  the  same  2in-dia.  wafer. 

Unfortunately,  additional  structure  was  not  revealed 
in  the  EPR  of  the  Samsung  HVPE  GaN.  In  fact,  due  to 
a  lower  concentration  of  donors,  this  sample  exhibits  a 
broader  EPR  linewidth  (FWHM~27G)  compared  to 
that  found  for  the  more  highly  conducting  GaN/Al203 
layer  (FWHM~12G)  due  to  unresolved  hyperfine 
structure  between  the  spin  of  the  (isolated)  donors  and 
the  host  lattice  nuclei.  This  interaction  is  “averaged”  out 
for  GaN  with  larger  concentrations  of  interacting 


Fig.  6.  EPR  spectra  obtained  at  9.5  GHz  for  two  HVPE-grown 
GaN  samples.  Top:  free-standing  GaN  template  («30o  k  ~  I  x 
1016cm-3).  Bottom:  GaN/Al203  reference;  w3ook~ 
1  x  1017cm“3. 


donors  [35]  as  found  in  the  lOpm-thick  HVPE  GaN/ 
A1203  sample. 

ODMR  obtained  on  the  2.4  eV  “green”  PL  band  is 
shown  in  the  top  half  of  Fig.  7.  As  also  found  on  the 
2.2  eV  “yellow”  PL  emission,  the  resonance  labeled  EM 
is  assigned  to  effective-mass  (shallow)  donors.  The 
second  resonance,  labeled  Als  is  new.  It  exhibits  a 
strong  intensity  anisotropy  with  g^  =  1.975  and  g±  = 
1.969.  The  g- values  suggest  a  donor-like  defect  but  the 
(axial)  intensity  anisotropy  is  more  often  found  for 
acceptor-like  defects  associated  with  degenerate  or 
nearly  degenerate  valence  band  states.  Thus,  though 
more  work  is  clearly  needed,  we  tentatively  assign  this 
feature  to  a  deep  acceptor  of  unknown  origin.  In 
addition,  the  ^-tensor  and  intensity  behavior  of  this 
center  are  quite  different  compared  to  that  found  for  the 
deep  defects  (i.e.,  =  1.989  and  gL  =  1.992)  involved 

in  the  2.2  eV  “yellow”  PL  [5-7,22].  This  indicates  that 
these  centers  are  of  different  origin. 

ODMR  found  on  the  PL  less  than  1.8  eV  is  shown  in 
the  bottom  half  of  Fig.  7.  Two  luminescence-increasing 
signals  are  observed.  The  first  line  at  —  870  mT  is  again 
attributed  to  shallow  donors.  The  second  feature 
(labeled  A2)  is  also  new.  It  is  isotropic  with  =  2.019 
and  a  FWHM  of  ~25mT.  This  signal  is  assigned  to 
deep  acceptors  based  on  these  magnetic  resonance 
parameters  and  the  near-midgap  PL.  We  note  that  this 
defect  is  different  than  the  deep  center  with  =  2.008 
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Fig.  7.  ODMR  found  on  the  2.4  eV  “green”  PL  band  and  ncar- 
IR  emission  from  the  free-standing  HVPE  GaN  sample.  The 
features  labeled  Aj  and  A:  are  tentatively  assigned  to  acceptor¬ 
like  defects. 


and  g ±  =  2.004  revealed  by  ODMR  on  similar  near-IR 
emission  from  other  HVPE-grown  GaN  [25,36]. 


4,  Summary 

ODMR  and  EPR  experiments  have  been  performed 
on  Si-doped  homoepitaxial  GaN  layers  grown  by 
MOCVD  and  on  free-standing  (thick)  GaN  grown  by 
HVPE.  The  high  structural  and  optical  quality  of  these 
materials  was  revealed  by  cross-sectional  TEM  and  low- 
temperature  PL  studies,  respectively.  ODMR  reveals 
several  new  defects,  including  evidence  for  either  Si  or  C 
shallow  acceptors  on  the  N  lattice  sites  in  a  Si-doped 
GaN  homoepitaxial  layer  and  for  two  new  deep  centers 
in  the  HVPE-grown  GaN  templates.  In  addition,  EPR 
confirmed  the  low  concentration  of  residual  donors  in 
these  free-standing  layers.  The  reduced  dislocation 
densities,  however,  has  not  led  to  significant  changes  in 
the  character  of  the  magnetic  resonance  (such  as 
resolved  electron-nuclear  hyperfine  structure)  compared 
to  that  found  previously  for  conventional  heteroepitax- 
ial  GaN.  However,  we  suggest  that  the  application  of 
more  sophisticated  magnetic  resonance  techniques  such 
as  electron-nuclear  double  resonance  (ENDOR)  or 
optically  detected — ENDOR  should  be  pursued  for 
identification  of  defects  in  these  more  pure  GaN 
materials. 
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Abstract 

The  electrical  properties  of  the  n-GaN  and  n-InN,  subjected  to  proton  irradiation,  are  studied.  The  irradiation  of  the 
n-InN  results  in  an  increasing  concentration  of  charge  carriers,  whereas  strong  compensation  effects  take  place  in  the 
proton-irradiated  n-GaN.  The  annealing  behavior  of  the  radiation-induced  defects  in  both  materials  is  discussed  briefly. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  6 1 .72. Ji;  6I.80.Lj;  61.82.Fk 

Keywords:  Gallium  nitride;  Indium  nitride;  Irradiation 


1.  Introduction 

Interest  in  experimental  studies  of  the  point  defects  in 
the  GaN  produced  by  irradiation  with  fast  electrons  and 
protons  is  steadily  growing  in  the  hope  to  obtain  an 
understanding  of  the  complex  nature  of  native  and 
impurity-related  defects  in  this  material;  see  for  instance 
Refs.  [1-6].  The  situation  for  the  irradiated  InN  layers  is 
even  worse,  since  the  properties  of  the  point  defects  in 
the  InN  are  so  far  unknown. 

The  purpose  of  the  present  work  is  to  investigate  the 
production  and  annealing  processes  of  the  proton 
irradiation-induced  defects  in  the  n-GaN  and  n-InN. 


2.  Experimental 

Layers  of  hexagonal  n-GaN  and  n-InN  on  (0001) 
sapphire  substrates  were  grown  by  the  MOCVD  and 
plasma-assisted  MBE  techniques,  respectively.  The 
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crystal  structure  of  the  layers  were  well  characterized 
by  X-ray  diffraction  and  Raman  spectroscopy.  The  layer 
thickness  ranges  from  1.0  to  1.5  pm.  The  as-grown  n- 
InN  layers  were  nominally  undoped,  with  electron 
concentrations  in  the  low  lO^cirT3.  In  some  cases, 
Mg  or  Dy  impurities  were  added  during  growth  for 
reducing  the  free  electron  concentration.  Auger  spectro¬ 
scopy  did  not  reveal  any  significant  content  of  oxygen  in 
the  n-InN  layers. 

Samples  were  irradiated  with  protons  of  150keV. 
After  irradiation,  the  samples  were  subjected  to  iso¬ 
chronal  annealing  in  steps  of  50'C  or  10(TC  for  20  min 
in  nitrogen. 

Hall  effect  and  conductivity  measurements  were 
carried  out  using  the  Van  der  Pauw  technique.  The 
Raman  scattering  measurements  were  taken  at  room 
temperature. 


3.  Results  and  discussion 

In  Figs.  1  and  2,  several  typical  dependencies  of  the 
electron  concentration  and  mobility,  n(T)  and  /<(T),  in 
one  of  the  n-InN  layers  are  shown.  As  can  be  seen  from 
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Fig.  1 .  Electron  concentration  versus  reciprocal  temperature  in 
the  n-InN  counterdoped  with  Mg  before  the  irradiation  (open 
circles),  after  the  proton  irradiation  (solid  circles),  and  after 
annealing  at  T  =  300°C  (solid  triangles).  The  irradiation  dose, 
<2>  =  1  x  1016cm-2. 


Fig.  2.  Electron  mobility  versus  temperature  in  the  n-InN 
counterdoped  with  Mg  before  the  irradiation  (open  circles), 
after  the  proton  irradiation  (solid  circles),  after  annealing  to 
T  =  300°C  (solid  triangles  down),  T  =  450°C  (solid  triangles 
up),  and  T  =  500°C  (solid  diamonds).  The  irradiation  dose, 
<P  =  1  x  1016  cm~2. 


Fig.  1,  proton  irradiation  results  in  a  substantial  increase 
in  the  concentration  of  the  charge  carriers.  This  effect 
was  observed  for  all  the  samples,  independent  of  the 
counterdoping.  Evidently,  the  increase  in  the  electron 
concentration  in  the  n-InN  after  the  irradiation  is  due  to 


the  production  of  radiation-induced  defects  with  shallow 
donor  states.  The  production  rate  is  the  same,  about 
2  x  104cm-1,  over  a  wide  dose  range  from  1  x  1015  to 
1  x  1016cm-2.  All  these  experimental  facts  suggest  that 
these  defects  are  native.  We  believe  that  the  native 
defects  responsible  for  the  net  effect  in  the  irradiated  n- 
InN  can  be  attributed  to  immobile  nitrogen  vacancies. 

Up  to  T  =  100°C,  there  is  no  change  in  the  n(T )  and 
p(T)  curves.  A  pronounced  decrease  in  n(T)  by  30%  was 
observed  over  a  temperature  interval  of  T  =250-300°C; 
see  Fig.  1 .  At  this  annealing  stage,  the  annealed  fraction 
of  the  electron  mobility  reached  nearly  50%,  as  can  be 
estimated  from  Fig.  2.  At  elevated  temperatures,  the 
annealing  behavior  of  defects  becomes  rather  compli¬ 
cated.  First,  a  reverse  annealing  stage  of  the  electron 
concentration  and  mobility  takes  place  in  the  tempera¬ 
ture  interval  from  T  =  400°C  to  450°C.  As  a  result,  the 
concentration  of  charge  carriers  returns  practically  to 
the  value  measured  in  the  irradiated  n-InN  and  the 
mobility  drops  by  an  order-of-magnitude;  see  Fig.  2. 
After  annealing  to  T  =  500 °C,  the  n(T)  curves  were 
found  to  be  little  affected  but  the  electron  mobility 
became  much  higher  than  that  in  the  non-irradiated 
layers. 

In  accordance  with  the  earlier  observations  [7],  in 
Raman  spectra  of  as-grown  n-InN  layers  we  also 
revealed  the  presence  of  a  band  at  v  =  590  cm”1;  see 
Fig.  3.  This  band  has  been  attributed  to  the  L-LO 
mode  of  Raman  scattering.  Our  study  of  the  proton- 
irradiated  n-InN  clearly  showed  that  the  intensity  of  this 
band  is  dose  dependent;  see  Fig.  3.  Theoretical  calcula¬ 
tions  of  the  cross-sections  for  three  different  models 
made  it  possible  to  conclude  that  the  Raman  scattering 
in  the  region  of  interest  is  associated  with  the  short- 
range  potential  scattering  process  due  to  the  presence  of 
defects;  see  Fig.  4.  As  is  seen  in  Fig.  3,  the  proposed 
model  gives  a  satisfactory  explanation  to  the  experi¬ 
mental  data.  Details  of  calculations  will  be  discussed  in  a 
separate  paper. 

Contrary  to  the  n-InN,  the  proton  irradiation  of  the 
doped  n-GaN :  Si  leads  to  a  substantial  decrease  in  the 
concentration  of  the  charge  carriers;  see  Figs.  1  and  5. 
The  electron  removal  rate  estimated  from  the  n(T) 
curves  given  in  Fig.  5  is  about  1  x  104cm~1.  Surpris¬ 
ingly,  the  electron  removal  rate  in  the  n-GaN :  Si  with  a 
lower  doping  level  is  evidently  smaller,  at  least  by  a 
factor  of  3;  see  Fig.  5.  It  has  been  reported  [1,6]  that  in 
the  doped  n-GaN :  Si  subjected  to  fast  electron  irradia¬ 
tion,  the  defect  production  rate  is  dependent  on  the 
doping  level,  too. 

There  are  no  significant  changes  in  the  n(T)  depen¬ 
dencies  after  the  annealing  of  the  proton-irradiated  n- 
GaN  to  T  =  200°C,  whereas  the  electron  mobility 
decreases  noticeably.  The  first  annealing  stage  of  defects 
takes  place  over  a  temperature  interval  of  T  =300- 
400°C.  As  is  seen  from  Fig.  6,  the  mobility  of  the  charge 
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Raman  shift,  cm 


Fig.  3.  The  experimental  and  calculated  Raman  spectra 
in  the  n-InN  before  the  irradiation  (curve  1),  after  the 
proton  irradiation  at  <P  =  5  x  1015  cm  2  (curve  2).  and 
<P  =  1  x  1016cm'  2  (curve  3).  Calculated  spectra  are  shown  by 
the  broken  line.  The  probability  of  the  short-potential  scatter¬ 
ing  process  due  to  the  defects  is  assumed  to  vary  proportionally 
with  the  defect  concentration.  The  ratios  of  the  intensities  of  the 
E?  and  LO  bands  are  given.  The  E:  band  is  used  as  a  reference, 
since  its  intensity  is  not  sensitive  to  the  presence  of  the  defects. 


Frequency,  cm'1 

Fig.  4.  Raman  cross-section  versus  frequency  in  the  range  of 
L  -LO  modes  calculated  for  three  different  scattering  mechan¬ 
isms  in  the  InN.  Perfect  crystal,  curve  1;  defects  with  screened 
long-range  potential  and  curve  2;  defects  with  short-range 
potential,  curve  3. 


carriers  continues  to  drop  strongly.  With  the  tempera¬ 
ture  increasing  to  T  —  60(TC,  the  electron  concentration 
and  mobility  in  the  irradiated  n-GaN  recover  substan¬ 


Fig.  5.  Electron  concentration  versus  reciprocal  temperature  in 
the  heavily  doped  n-GaN :  Si  before  the  irradiation  (open 
circles),  after  the  proton  irradiation  (solid  circles),  and  after 
annealing  at  T  =  400"C  (solid  triangles  up)  and  T  =  600  C 
(solid  triangles  down).  The  irradiation  dose.  <P  —  1  x  10l4cm  2. 
For  comparison  purposes,  two  n(T)  curves  for  the  moderately 
doped  n-GaN :  Si  before  the  irradiation  (crosses)  and  after  the 
proton  irradiation  at  the  same  dose  (open  triangles  up)  are  also 
shown. 


Fig.  6.  Electron  mobility  versus  temperature  in  the  n-GaN: Si 
before  the  irradiation  (open  circles),  after  the  proton  irradiation 
(solid  circles),  after  annealing  at  T  —  400  C  (solid  triangles  up) 
and  T  =  600  C  (solid  triangles  down).  The  irradiation  dose, 
0=  1  x  1014  cm  2. 


tially.  The  mobility  of  the  charge  carriers  becomes  even 
larger  than  that  in  the  initial  n-GaN.  After  annealing  at 
T  =  700  C,  the  fraction  of  unannealed  defects  turned 
out  to  be  between  20%  and  30%. 
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4.  Conclusions 

The  behavior  of  defects  in  the  n-GaN  and  n-InN 
produced  by  proton  irradiation  and  subsequent  anneal¬ 
ing  has  been  studied.  From  the  data  obtained  on  the  n- 
InN  it  can  be  concluded  that  most  likely  the  nitrogen 
vacancies  with  shallow  donor  states  are  responsible  for 
the  increasing  concentration  of  free  electrons  in  the 
irradiated  n-InN.  It  has  been  demonstrated  that  in  the 
Raman  spectra,  the  intensity  of  a  band  at  v  =  590  cm-1 
in  the  proton-irradiated  n-InN  layers  is  dose-dependent. 
Theoretical  calculations  showed  that  the  model  of 
defects  with  short-range  potential  gives  a  satisfactory 
explanation  for  this  band  in  Raman  scattering.  The  first 
stage  of  defect  annealing  in  the  irradiated  n-InN  takes 
place  at  T  =  300°C. 

The  production  rate  of  native  defects  in  the  irradiated 
n-GaN  appears  to  be  Fermi-level  dependent.  Two  main 
recovery  stages  of  the  electron  concentration  over  two 
intervals  from  T  =  300°C  to  400°C  and  from  T  =  500°C 
to  600°C  have  been  found. 
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Abstract 

Electron-irradiation  of  undoped  n-type  GaN  with  2.5  MeV  electrons  at  room  temperature  produces  a  broad  PL  band 
at  ~0.95eV,  and  an  S  =  1/2  ODEPR  center,  labeled  LI,  is  observed  in  it.  The  LI  signal  reveals  partially  resolved 
structure,  which  can  be  matched  accurately  as  arising  from  hyperfine  interaction  with  three  equivalent  Ga  atoms. 
Irradiation  in  situ  at  4.2  K  produces  the  0.95 eV  band  but  the  LI  ODEPR  signal  emerges  only  upon  subsequent 
annealing  at  room  temperature,  as  another  ODEPR  signal  identified  as  interstitial  Ga  disappears.  The  possibility  that 
both  LI  and  the  0.95 eV  PL  arise  from  the  Ga  vacancy  is  discussed.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  ODEPR:  Ga  interstitial:  Ga  vacancy 


1.  Introduction 

Vital  to  successful  device  application  of  any  semi¬ 
conductor  material  is  the  understanding  of  its  intrinsic 
defects,  because  they  provide  various  diffusion  mechan¬ 
isms  involved  in  processing  and  device  degradation,  as 
well  as  in  often  controlling  background  doping  and 
compensation.  In  GaN,  little  is  presently  known  con¬ 
cerning  the  properties  of  its  isolated  vacancies  and 
interstitials. 

The  only  direct  and  unambiguous  method  of  introdu¬ 
cing  vacancies  and  interstitials  for  experimental  study  is 
by  high-energy  electron  irradiation,  where  host  atoms 
can  be  displaced  from  their  lattice  sites  by  Rutherford 
scattering.  In  addition,  the  only  truly  successful  experi¬ 
mental  technique  for  identifying  and  studying  the 
defects  has  proven  to  be  electron  paramagnetic  reso¬ 
nance,  detected  either  directly  (EPR)  or  optically 
(ODEPR).  Studies  combining  electron  irradiation  and 
ODEPR  have  recently  begun  in  GaN  [1,2],  and  already 
the  isolated  interstitial  Ga  atom  has  been  identified  [3]. 


*Corresponding  author.  Tel.:  +  1-610-758-3961:  fax:  + 1- 
610-758-4561. 

E-mail  address:  gdwOw  lehigh.edu  (G.D.  Watkins). 

1  Permanent  address:  A.F.  Ioffe  Physico-Technical  Institute. 
St.  Petersburg.  Russia. 


Here,  we  describe  such  further  studies,  in  which  a  second 
defect  produced  by  the  irradiation,  labeled  LI,  is 
described.  The  possibility  that  it  is  the  isolated  Ga 
vacancy  is  discussed. 


2.  Room-temperature  electron  irradiation 

The  results  reported  [1]  for  room-temperature  irradia¬ 
tion  of  undoped  (n-type)  GaN  by  2.5  MeV  electrons  can 
be  summarized  as  follows:  In  all  the  samples  studied 
(MOCVD,  MBE,  and  HVPE),  the  irradiation  was 
observed  to  cause  a  substantial  decrease  in  the  visible 
and  band-edge  luminescence,  while  two  newr  bands  were 
produced  in  the  near  infrared — a  sharp  zero  phonon 
line  at  0.88  eV  with  associated  phonon  structure,  and  a 
broader  overlapping  band  centered  at  ~0.95eV.  An 
S  —  1  ODEPR  signal,  labeled  L2,  was  seen  only  in  the 
0.88  eV  system,  while  in  the  0.95  eV  band,  three  new 
ODEPR  signals,  labeled  LI,  L3  and  L4  were  observed. 
Of  particular  interest  in  these  studies  were  L3  and  L4 
because  each  displayed  well-resolved  hyperfine  interac¬ 
tion  (hf)  from  a  single  Ga  nucleus,  suggesting  an 
involvement  of  some  kind  for  an  interstitial  Ga  atom. 

In  the  present  paper,  we  turn  our  attention  to  LL  We 
find  that  it  also  carries  important  hf  information,  as 
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Fig.  1.  (a)  ODEPR  spectrum  of  LI,  and  (b)  its  second 
derivative,  for  B_Lc,  compared  to  predictions  for  hf  interaction 
with  three  equivalent  Ga  atoms. 


revealed  by  partially  resolved  structure,  as  shown  in 
Fig.  1.  A  simulation  of  the  structure  assuming  hf 
interaction  with  three  equivalent  Ga  nuclei  is  also  shown. 
In  this  simulation,  the  sticks  represent  the  relative 
intensities  and  predicted  positions  for  each  of  the  lines 
that  would  arise  from  three  identical  7=3/2  Ga  nuclei 
(60%  69Ga,  40%  7IGa,  with  71p/69p~  1.2706)  and  with  a 
100  MHz  hf  interaction  for  the  69Ga  7  =  3/2  nucleus. 
These  sticks  were  convoluted  with  a  single  Gaussian  of 
appropriate  width  in  order  to  give  the  dashed  curves, 
which  match,  remarkably  with  the  structure  and  overall 
line  shape,  both  of  the  spectrum  and  of  its  second 
derivative.  The  hf  splitting  appears  isotropic,  with  no 
distinguishable  difference  (± 10  MHz)  vs.  the  orientation 
of  B.  Comparison  of  the  measured  100+ 10  MHz  hf 
value  with  estimated  values  for  the  free  69Ga  atom  [4], 
indicates  that  somewhere  between  1.4%  and  5%  of  the 
wavefunction  is  accounted  for  on  each  of  the  Ga  atoms. 
(1.4%  4s  character  accounts  for  the  isotropic  part.  The 
additional  3.6%  allows  for  a  maximum  4p  contribution, 
reflecting  an  upper  estimate  for  possible  hf  anisotropy  of 
<16  MHz.) 


3.  Electron  irradiation  at  cryogenic  temperatures 

Before  we  consider  possible  defect  models  that  might 
account  for  the  three-Ga  structure,  let  us  first  consider 
what  we  have  learned  concerning  its  formation.  For  this, 
we  consider  our  more  recent  results  for  irradiation  in 
situ  at  4.2  K.  As  we  have  previously  briefly  reported  [3], 
immediately  after  a  low-temperature  irradiation,  the 
broad  0.95  eV  PL  band  is  present,  but  the  0.88  eV  system 
is  absent.  However,  none  of  the  ODEPR  signals  present 
after  room  temperature  irradiation  (LI,  L2,  L3,  L4)  are 
observed.  Instead,  a  new  ODEPR  signal  is  observed  in 


the  0.95  eV  band,  labeled  L5,  which  we  have  identified  as 
arising  from  the  isolated  interstitial  Ga  atom,  as 
evidenced  from  its  strong,  well-resolved,  Ga  hf  structure. 
Both  this,  and  an  accompanying  ODEPR  signal  from 
the  residual  shallow  donor,  are  negative,  revealing  a 
spin-dependent  transfer  process  of  an  electron  from  the 
donor  to  paramagnetic  Ga?  +  ,  which  competes  with  the 
0.95  eV  PL  process.  L5  is  stable  up  to  room  temperature, 
at  which  point  it  decreases  with  an  apparent  time 
constant  of  several  hours.  Over  this  same  time  period, 
the  0.88  eV  system  emerges  with  its  associated  L2 
ODEPR,  as  does  LI,  which  is  detected  in  the  remaining 
0.95  eV  band.  (Substantial  loss  of  the  0.95  eV  band  also 
occurs  during  the  room  temperature  annealing,  but 
approximately  ~10%  of  its  original  intensity  immedi¬ 
ately  after  the  4.2  K  irradiation  remains,  and  is  stable, 
along  with  the  LI  signal  up  to  ~600°C.) 

From  the  disappearance  of  the  interstitial  Ga  signal  at 
room  temperature,  we  conclude  that  it  is  mobile  at  this 
temperature.  The  simultaneous  emergence  at  this 
temperature  of  the  LI  spectrum,  as  well  as  the  0.88  eV 
PL  band  and  its  associated  L2  ODEPR  spectrum, 
strongly  suggests  that  each  may  result  directly  or 
indirectly  from  the  migration  and  trapping  of  the  Ga 
interstitial. 

Another  important  observation  that  must  be  factored 
into  our  modeling  is  that  the  broad  0.95  eV  PL  band  is 
present  immediately  after  the  4.2  K  irradiation.  It, 
therefore,  must  arise  from  an  intrinsic  defect  itself. 
Although  90%  of  it  is  lost  after  room  temperature 
annealing,  the  remaining  component  is  stable  to 
~600°C.  LI  continues  to  be  detected  in  it,  disappearing 
with  it  at  600°C. 


4.  Models 

The  three  equivalent  Ga-atom  hyperfine  structure  of 
LI  suggests  three  possibilities,  which  are  illustrated  in 
Fig.  2. 


4.1.  Trapped  N  vacancy 

In  Fig.  2(a),  we  show  a  nitrogen  vacancy,  which  is 
missing  one  of  its  Ga  nearest  neighbors.  This  could 
result,  as  shown,  from  trapping  of  the  vacancy  by  an 
impurity  (X)  on  the  Ga  sublattice.  Since  the  nitrogen 
vacancy  is  believed  to  be  a  shallow  donor,  a  logical 
impurity  might  be  a  Group-II  atom  such  as  Mg,  or  Zn, 
each  of  which  is  an  acceptor.  With  only  a  low- 
abundance  nuclear  spin  isotope  in  either  case,  only  the 
three  remaining  Ga  atom  neighbors  would  contribute  to 
the  structure. 
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Fig.  2.  Structural  models  for  LI:  (a)  trapped  N  vacancy,  (b)  trapped  Ga  vacancy,  (c)  Jahn-Tellcr-distorted  isolated  Ga  vacancy. 


4.2.  Trapped  Ga  vacancy 

In  Fig.  2(b),  we  show  a  Ga  vacancy  trapped  next  to  an 
impurity  (X)  on  the  nitrogen  sublattice.  A  logical  trap 
might  be  a  substitutional  group-VI  atom  donor,  such  as 
the  common  impurity  oxygen,  which  experiences  a 
Coulomb  attraction  to  the  negative  Ga-vacancy  deep 
acceptor.  In  this  case,  the  three  Ga  neighbors  could  be 
the  three  near  neighbors  back-bonded  to  the  impurity 
atom,  as  shown.  In  such  a  model,  the  dominance  of  the 
Ga  hf  interactions  over  those  of  the  three  nitrogen  near 
neighbors  to  the  vacancy  is  helped  by  ~  5  times  greater 
Ga  atomic  hf  values  over  those  for  N.  The  total 
concentration  of  the  wavefunction  required  on  the  three 
Ga?s,  only  between  4%  and  15%,  is  reasonable.  At  the 
same  time,  the  nitrogen  hf  contributions  could  provide 
the  major  remaining  broadening.  As  in  the  case  for  a 
group-II  atom  above,  group-VI  atoms  also  have  low- 
abundance  magnetic  nuclei,  and  would  not  contribute  to 
the  hf  structure. 


4.3.  Isolated  Ga  vacancy 

In  Fig.  2(c),  we  show  a  distorted  Ga  vacancy  in  its 
paramagnetic  V^Tt  charge  state.  Here,  the  inward 
distortion  of  the  on-axis  nearest  neighbor  nitrogen 
serves  to  shift  some  of  the  spin  wavefunction  onto  its 
back-bonded  three  Ga  neighbors,  which  could  supply 
the  observed  hf  interactions.  We  can  expect  such  a  Jahn- 
Teller  distortion  for  the  paramagnetic  V^“  charge  state 
because  in  cubic  GaN,  it  would  be  degenerate  with  one 
hole  in  its  vacancy  orbital  [5],  (It  is  isoelectronic  to  the 
V^n  defect  in  cubic  ZnSe,  also  with  the  configuration  t*, 
and  for  it,  direct  EPR  and  ODEPR  studies  have 
confirmed  strong  inward  relaxation  of  one  of  its  Se 
neighbors  [6].)  Again,  as  in  the  trapped  Ga  vacancy 
model  above,  the  four  nearest  nitrogen  neighbor 
hyperfine  interactions  would  have  to  be  weak  enough 
to  serve  only  to  broaden  the  lines. 


5.  Discussion 

The  model  in  Fig.  2(a)  requires  the  motion  at 
room  temperature  of  the  N  vacancy,  for  the  model 
in  Fig.  2(b),  the  Ga  vacancy.  Although  possible, 
the  onset  of  long-range  motion  for  either  almost 
simultaneously  with  that  of  the  Ga  interstitial  would 
be  a  coincidence.  On  the  other  hand,  the  emergence 
of  the  isolated  Ga  vacancy  ODEPR  could  follow 
naturally  as  its  perturbing  nearby  the  Ga  inter¬ 
stitial  migrates  away.  In  addition,  the  model  in 
Fig.  2(c)  suggests  a  natural  explanation  for  the 
0.95  eV  luminescence,  which  we  have  argued  above 
must  arise  from  an  intrinsic  defect,  as  directly 
resulting  from  the  vacancy  itself.  This  can  be 
seen  in  Fig.  3.  Here,  we  have  taken  advantage 
of  the  calculations  of  Neugebauer  and  Van  de 
Walle  [7],  who  estimated  the  triple  acceptor  level 
(3-/2-)  of  the  vacancy  to  be  at  ~£\+l.leV. 
With  this,  it  is  possible  to  identify,  as  shown,  the 
Stokes-shifted  and  broadened  0.95  eV  luminescence  as 
arising  from  hole  capture  by  the  non-paramagnetic 
VCY,,  which  Jahn-Telier  distorts  in  moving  from 

v£(/S)  to  V&f/S). 
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Fig.  3.  Model  for  the  0.95  eV  PL  and  its  various  feeding  and 
competing  processes,  assuming  that  LI  arises  from  the  Ga 
vacancy. 


G.D.  Watkins  et  al.  (  Physica  B  308-310  (2001 J  62-65 


65 


Immediately  after  the  low-temperature  irradiation, 
each  vacancy  has  a  Ga  interstitial  frozen-in  nearby, 
which  supplies  a  highly  effective  feeding  mechanism  for 
the  luminescence,  as  shown.  It  allows  a  Coulomb- 
attractive  transfer  of  electrons  to  the  interstitials,  which 
are  in  the  non-paramagnetic  Ga+  charge  state.  The 
electrons  can  then  be  transferred  to  the  nearby  V^r, 
followed  by  hole  capture,  to  produce  the  0.95  eV  PL.  At 
the  same  time,  electron  transfer  to  those  interstitials  in 
the  paramagnetic  Ga^+  charge  state  provides  the 
competing  spin-dependent  process  leading  to  the  L5 
PLODMR. 

Also  shown  is  the  less-efficient  spin-dependent  feeding 
process  seen  in  the  LI  ODEPR,  which  involves 
Coulomb-repulsive  direct  electron  transfer  to  the  para¬ 
magnetic  Vq“,  followed  by  hole  capture,  which  becomes 
an  important  feeding  process  only  after  the  Ga 
interstitial  migrates  away. 

If  this  model  turns  out  to  be  correct,  then  we  would 
have  observed  both  partners  of  the  Frenkel  pairs  on  the 
Ga  sublattice,  and  we  would  have  learned  that  the 
isolated  Ga  vacancy  is  stable  to  ~600°C,  at  which 
temperature,  it  can  migrate  and  disappear.  At  present, 
this  is  a  working  model.  Determining  whether  it  is 
correct  or  not  will  require  more  critical  tests  in  future 
studies. 
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Abstract 

X-irradiation  at  4.2  K  of  GaN  produces  a  long  lasting  recombination  afterglow  (RL).  This  afterglow  quenches  in 
high  magnetic  fields,  but  it  can  be  increased  by  applying  microwave  radiation  (93  GHz)  yielding  resonance  lines  (RL- 
EPR)  for  appropriate  magnetic  fields.  For  a  free  standing  GaN  ‘lift-off  layer,  two  overlapping  RL-EPR  lines  with 
different  half-widths  and  almost  isotropic  (/-values  were  observed.  The  spin-lattice  relaxation  times  were  in  the  range  of 
several  minutes.  The  two  resonances  are  detected  in  the  red  spectral  range  of  the  RL;  one  of  these  resonances  is 
observed  in  the  photoluminescence-detected  EPR  (PL-EPR)  as  well.  A  different  RL-EPR  spectrum  was  recorded  in  a 
Mg-doped  GaN  layer:  The  RL-EPR  showed  the  line  of  the  shallow  donor.  The  features  of  the  RL-EPR  spectra  of  the 
two  different  GaN  samples  shows  that  RL  in  GaN  involves  additional  electron  and  hole  traps  and  thus  provides 
additional  information  unattainable  in  PL-EPR.  (o  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  EPR:  X-irradiation:  Recombination  afterglow 


1.  Introduction 

GaN  is  a  widely  used  material  for  blue  laser  diodes 
and  other  opto-electronic  applications  (see,  for  example, 
[1]).  For  AIN  ceramics,  doped  with  oxygen,  magnetic 
resonance  measurements  yielded  resonances  which  were 
attributed  to  the  tunnelling  recombination  luminescence 
(RL)  between  well  separated,  oxygen  related,  donors 
and  acceptors  [2].  The  method  of  recombination 
luminescence  detected  EPR  (RL-EPR)  was  previously 
applied  to  the  tunnelling  RL  in  ionic  crystals  [3]. 

The  motivation  for  the  present  work  was  to  observe 
tunnelling  recombination  between  the  separated  donor- 
acceptor  pairs  in  GaN  and  to  detect  RL-EPR  in 
comparison  with  that  observed  by  the  conventional 
photoluminescence  detected  EPR  (PL-EPR)  technique. 
We  show  that  RL-EPR  can  provide  additional  informa¬ 
tion  for  the  understanding  of  the  recombination 
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processes  in  GaN  and,  in  general,  semiconductor 
materials. 


2.  Experimental 

Two  different  GaN  samples  have  been  investigated: 

(i)  a  250  pm  thick  free  standing  GaN  ‘lift-off  layer  and 

(ii)  Mg-doped  MOVPE  GaN  layer  on  sapphire. 
Luminescence-detected  electron  paramagnetic  reso¬ 
nance  spectra  were  recorded  with  a  custom-built 
computer  controlled  spectrometer  working  at  93  GHz 
(W-band)  with  magnetic  fields  up  to  4.5  T.  All  spectra 
were  measured  at  1.5  K  using  a  cooled  photomultiplier 
operating  in  the  spectral  range  of  200-800  nm.  In  the 
case  of  PL-EPR  measurements,  the  samples  were  excited 
in  the  UV  spectral  range  with  a  deuterium  lamp  in 
combination  with  a  280  nm  interference  filter  at  1.5  K. 
The  PL-EPR  was  detected  either  in  the  integral 
luminescence  for  wavelengths  larger  than  380  nm  or  in 
different  spectral  ranges  using  edge  filters. 

The  RL-EPR  measurements,  where  the  EPR  is 
measured  in  the  afterglow  luminescence,  were  performed 
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either  after  excitation  at  4.2  K  with  an  X-ray  tube 
(tungsten  anode,  60  kV,  1 5  mA,  irradiation  time  20  min) 
or  a  deuterium  lamp  (280  nm  in  combination  with  an 
interference  filter,  irradiation  time  1-2  h).  The  RL-EPR 
was  detected  either  in  the  integral  RL  or  in  different 
spectral  ranges  using  edge  filters.  In  all  the  RL-EPR 
spectra,  the  magnetic  field  dependent  background  was 
subtracted. 


3.  Results 

The  UV-excited  photoluminescence  spectrum  of  the 
250  pm  thick  free  standing  ‘lift-off’  GaN  layer  consists 
of  bands  between  the  yellow  and  blue  spectral  ranges 
(Fig.  1(a)).  PL-EPR  of  a  GaN  layer,  recorded  at  1.5  K  in 
W-band  (Fig.  2(c)),  shows  two  resonance  lines  with  g- 
values  of  2.005  and  1.95,  respectively,  in  good  agreement 
with  results  obtained  by  Bayerl  [4]. 

After  X-irradiation  of  the  GaN  ‘lift-off  layer  at  4.2  K, 
a  recombination  afterglow  was  observed  for  several 
hours.  Fig.  1(b)  shows  a  Gaussian  approximation  of  the 
RL  spectral  dependence,  measured  with  a  set  of  edge 
filters  in  the  integral  RL.  The  RL  occurs  in  the  red 
spectral  range  with  a  band  maximum  at  approximately 
1.8  eV  (690  nm). 

The  afterglow  quenches  in  high  magnetic  fields  (up  to 
3.6 T)  at  1.5 K.  It  increases  by  a  factor  of  3  when 
applying  a  microwave  radiation  of  93  GHz  at  appro¬ 
priate  field  values  showing  intense  RL-EPR  signals 
(Figs.  2(a)  and  (b)).  RL-EPR  is  strongly  influenced  by 
very  long  spin-lattice  relaxation  times  of  several  minutes. 
Therefore,  we  tried  to  measure  the  spectra  with  different 
integration  times.  Fig.  2  shows  RL-EPR  spectra  of  the 
GaN  ‘lift-off  layer  recorded  with  a  longer  integration 
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Fig.  1.  Spectra  of  GaN  ‘lift-off  layer,  recorded  at  4.2  K:  (a) 
UV-excited  PL  spectrum  and  (b)  a  Gaussian  approximation  of 
the  RL  spectral  dependence,  measured  with  a  set  of  edge  filters 
in  the  integral  RL  at  4.2  K. 
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Magnetic  Field  (mT) 

Fig.  2.  RL-EPR  and  PL-EPR  spectra  of  GaN  ‘lift-off  layer, 
recorded  at  1.5  K  in  W-band,  in  the  integral  luminescence:  (a) 
RL-EPR  spectra  measured  by  increasing  the  magnetic  field: 
curve  (1)  recorded  with  an  integration  time  of  6  mT/min,  the 
magnetic  field  and  time  dependent  background  are  not 
subtracted,  curve  (2)  measured  as  an  RL  difference  by  switching 
‘on5  and  ‘off  the  microwave  power  with  a  period  of  8  s;  (b)  the 
same  as  (a)  but  measured  by  decreasing  the  magnetic  field  and 
(c)  PL-EPR  spectrum  of  the  GaN  ‘lift-off  layer,  recorded  at 
1.5  K  in  W-band.  The  PL  was  excited  at  280  nm  and  measured 
with  a  380  nm  edge  filter. 


time  in  the  direction  of  increasing  (left  to  right)  field 
(Fig.  2(a),  curve  1)  and  decreasing  (right  to  left)  field 
(Fig.  2(b),  curve  1).  Tagged  RL-EPR  spectra  are 
depicted  as  curves  2  in  Figs.  2(a)  and  (b)  and  have  been 
measured  with  ‘on-off  modulation,  that  is,  the  differ¬ 
ence  between  the  RL  intensity,  when  the  microwave 
power  is  switched  on  and  that  when  it  is  switched  off 
with  a  period  of  8  s.  Under  these  conditions,  we  can 
resolve  in  the  RL-EPR  two  overlapping  resonance  lines 
with  different  half-widths  and  ^-values  closer  to  g  = 
2.00. 

We  observed  RL  and  RL-EPR  spectra  also  in  a  Mg- 
doped  GaN  layer.  The  RL-EPR  of  the  Mg-doped  GaN 
layer  shows  one  structureless  resonance  line  of  the 
shallow  donor  with  g  =  1.96  (not  shown)  at  1.5  K. 


4.  Discussion 

The  long  lasting  (for  several  hours)  afterglow-RL  in 
GaN  samples  after  switching  off  the  X-ray  excitation  or 
prolonged  above-band-gap  UV  excitation  is  weak 
compared  to  the  PL  intensity.  It  can  be  quenched  in 
high  magnetic  fields  and  partially  restored  by  applying  a 
microwave  power  at  resonance  magnetic  fields. 
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Therefore,  the  recombination  process  occurs  between 
spatially  well-separated  paramagnetic  donors  and  ac¬ 
ceptors  and  is  spin-forbidden  in  a  high  field,  where  they 
are  almost  parallel  at  low  temperature  unless  the  spins 
are  flipped  to  be  anti-parallel  by  magnetic  dipole 
transitions  in  which  state  they  can  recombine  into  the 
singlet  ground  state  and  emit  the  recombination 
luminescence. 

The  effect  of  X-irradiation  is  probably  due  to  recharge 
donors  and  acceptors  which  are  in  the  tunnelling 
distances  from  each  other  to  a  paramagnetic  state.  The 
two  resonances  of  the  GaN  ‘lift-off’  layer  are  seen  in  the 
red  spectral  range  of  the  RL;  one  of  them  seems  to  be 
the  resonance  observed  at  g  =  2.005  even  in  PL-EPR. 

The  RL-EPR  spectrum,  observed  in  the  Mg-doped 
GaN  layer,  shows  different  RL-EPR  lines  compared  to 
those  observed  in  the  GaN  ‘lift-off’  layer.  The  RL-EPR 
of  the  Mg-doped  GaN  layer  shows  only  one  resonance 
line  in  contrast  to  the  PL-EPR  where  resonance  lines  of 
Mg-related  acceptors  have  also  been  observed  [5]. 

These  features  of  the  RL-EPR  spectra  in  different 
GaN  samples  show  that  RL  can  involve  different 
electron  and  hole  traps  from  those  observed  in  PL- 
EPR.  It  makes  additional  traps  visible,  particularly 
those  with  very  long  spin-relaxation  times,  which  are  not 
seen  in  PL-EPR.  Additional  investigations  are  necessary 
to  further  analyse  the  mechanism  of  the  recombination 
afterglow  in  GaN. 


5.  Conclusion 

A  tunnelling  recombination  afterglow  and  RL-EPR 
in  GaN  have  been  observed.  The  RL  spectral  shape 


differs  from  the  PL  spectral  shape.  The  RL-EPR  may 
show  a  part  of  the  PL-EPR  lines  as  well  as  new 
resonance  lines,  particularly  those  with  very  long 
spin-lattice  relaxation  times.  Probably,  the  effect  of 
X-irradiation  is  to  recharge  donors  and  acceptors 
which  are  in  a  tunnelling  distance  from  each  other  to 
paramagnetic  charge  states.  RL-EPR  can  provide 
additional  information  on  the  recombination  processes 
and  luminescences  in  GaN  and  other  semiconductor 
materials. 
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Abstract 

The  electronic  noise  properties  of  Si-doped  AIN  and  Alo.3Gao.7N  are  investigated.  In  AIN :  Si,  generation- 
recombination  (g— r)  noise  is  observed  and  shown  to  be  linked  to  DX-centers.  The  potential  energy  barriers  for  capture 
into  and  emission  from  the  DX"  ground  state  are  quantitatively  determined  from  the  noise  measurements.  In 
Alo.3Gao.7N  :  Si,  in  addition  to  1//  noise,  we  find  two  g-r  noise  processes.  However,  an  unambiguous  identification  of 
their  origin  proves  to  be  difficult.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  72.70. +  m;  71.55.— i;  81.05.Ea 

Keywords:  Electronic  noise;  DX-center;  AIN;  Group-Ill  nitrides 


1.  Introduction 

Recently,  DX-like  behavior  of  Si  in  AIN  [1]  and 
AlGaN  alloys  with  high  A1  content  [2]  has  been 
reported.  Thus,  in  these  materials,  Si  does  not  simply 
act  as  a  shallow  donor.  Instead,  it  can  form  a  complex, 
metastable  deep  defect.  In  AlGaAs  alloys,  such  a 
behavior  of  Si  and  other  dopants  has  been  extensively 
studied  [3].  It  is  of  particular  relevance  for  device 
applications,  as  it  can  seriously  affect  e.g.  carrier 
densities.  DX" -centers  are  formed  because  the  donor 
atom  can  minimize  its  energy  by  undergoing  a  large 
lattice  relaxation  away  from  the  substitutional  position 
in  combination  with  the  capture  of  an  extra  electron. 

This  is  shown  more  quantitatively  in  the  simplified 
configuration-coordinate  diagram  of  Fig.  1.  The  lower 
parabola  to  the  right  corresponds  to  the  lattice  relaxed 
DX"  ground  state.  The  parabola  above  it  symbolizes 
the  thermodynamically  metastable  DX°  state,  whereas 
the  shallow  substitutional  donor  level  is  depicted  by  the 
parabola  to  the  left.  The  net  energy  difference  between 

The  samples  investigated  are  epitaxial  Al-face  AIN 
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nenwein).  substrates  with  a  nominal  Si  doping  density  of  N$\  = 
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the  substitutional  donor  and  the  DX- -state  ( Er  in 
Fig.  1)  governs  the  occupation  of  the  two  levels  in 
thermal  equilibrium.  Thus,  in  AIN,  the  conductivity  is 
not  activated  with  « 60  meV,  as  one  would  expect  for 
a  shallow  effective  mass  donor  in  this  material,  but 
with  Er  =  345  ±  3  meV,  a  first  experimental  hint  to  the 
more  complex  DX-behavior  of  Si  in  AIN  [1].  For  the 
construction  of  a  quantitative  configuration  coordinate 
diagram,  especially  for  the  determination  of  the  poten¬ 
tial  energy  barriers  between  DX"  and  d°  states, 
electronic  noise  measurements  have  proven  to  be  a 
valuable  tool  in  AlGaAs  alloys  [4,5].  In  this  contribu¬ 
tion,  we  show  that  from  noise  measurements  the 
transition  energies  Eup  and  E'down  (cf.  Fig.  1)  can  be 
determined  quantitatively  for  AIN: Si.  We  further 
compare  the  generation-recombination  (g-r)  noise 
observed  in  AIN :  Si  and  in  Alo.3Gao.7N  :  Si. 


2.  Experimental 
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Qd  °DX 

Configuration  coordinate  Q 


Fig.  1.  Simplified  configuration  coordinate  diagram  of  the  Si 
DX-center  in  AIN  showing  the  levels  relevant  to  the  investiga¬ 
tions  presented  here.  A  complete  configuration  coordinate 
diagram  is  given  in  Ref.  [1]. 


3  x  1019  cm"3  in  the  AIN  and  \  =  4  x  1017  cm"'3  in 
the  AIn.3Gao.7N  samples.  For  Aln.3Gao.7N  :  Si,  a  &  10  nm 
thick,  nominally  undoped  AIN  nucleation  layer  was 
grown  before  depositing  the  Alo.3Gao.7N  layer.  Alloyed- 
in  Ti/Al/Pt/Au  layers  yielded  good  ohmic  contacts.  For 
the  noise  measurements,  voltage  fluctuations  across  the 
sample  were  amplified  with  a  Stanford  Research  SR560 
low-noise  preamplifier  and  analyzed  with  a  Stanford 
Research  SR760  Fast-Fourier  Transform  spectrometer. 
A  dry  battery  together  with  a  series  resistor  of  at  least  20 
times  the  sample  resistance  supplied  the  constant  current 
necessary  for  the  non-thermal  noise  measurements. 

Typical  non-thermal  noise  spectra  from  the  AIN :  Si 
and  Alo.3Gao.7N  :  Si  samples  are  shown  in  Fig.  2.  Due  to 
the  strong  non-thermal  noise,  corrections  for  thermal 
noise  and  amplifier  noise  have  not  been  necessary.  As 
expected  for  resistance  noise,  the  noise  power  density  S( 
scales  quadratically  with  the  voltage  drop  U  across  the 
sample.  As  especially  the  Alo.3Gao.7N  :  Si  samples  show 
strong  1 //'-noise  in  addition  to  g-r  noise,  it  is  more 
convenient  to  plot  Sr/U 2  multiplied  by  frequency  /. 
Then,  the  1 //'-noise  appears  as  a  constant  background. 
In  contrast,  the  Lorentzian  characteristic  of  g-r  noise 


*S/\g-r  (/) 


S(f  =  0) 

1  +  (2n/~)2T2’ 


(1) 


with  the  g-r  noise  power  density  S(f  =  0)  and  the 
characteristic  g-r  time  constant  t,  becomes  clearly 
discernible  as  a  peak  upon  multiplication  with  /.  The 
frequency  where  /  x  SV.g_r/t/2  peaks  directly  yields  x. 


The  second  value  characterizing  g-r  noise,  S(  f  =  0),  can 
be  obtained  using  the  identity  S(f  =  0)  =  2 S/.g_r 
(f  =  (2nxy]).  This  determination  of  S(f  =  0)  is  not 
influenced  by  the  low  frequency  1 //’-noise  often  ob¬ 
served.  As  evident  from  Fig.  2,  both  x  and  S(f  =  0)  are 
strongly  temperature  dependent  in  AIN  and  AIn.3Gao.7N. 


3.  Discussion 

We  now  analyze  the  experimental  results  for  AIN :  Si 
in  more  detail.  As  discussed  in  Ref.  [1],  the  DX-nature  of 
Si  in  AIN  is  evident  from  the  following  experimental 
observations:  At  low  temperatures  and  in  the  dark,  the 
samples  are  observed  to  be  highly  resistive  and  no 
electron  paramagnetic  resonance  (EPR)  signal  can  be 
detected.  Upon  illumination  with  light  of  more  than 
1.5  eV,  an  increase  of  the  conductivity  by  more  than  7 
orders  of  magnitude  is  observed.  In  addition,  an  EPR 
signal  characteristic  of  shallow  donors  appears.  Both  the 
conductivity  and  the  EPR  signal  persist  after  the  light  is 
switched  off,  and  are  quenched  only  at  temperatures 
above  80  K.  From  persistent  photoconductivity  decay 
measurements,  the  transition  energy  (the  potential 
barrier)  impeding  the  transition  from  cf  to  DX“  (£up 
in  Fig.  1)  can  be  estimated  to  £up^100meV.  Because 
electronic  noise,  due  e.g.  to  fluctuations  of  the  number 
of  mobile  charge  carriers,  is  governed  by  carrier 
dynamics,  noise  measurements  can  give  valuable  in¬ 
formation  about  transition  energies  (£up,  £dovvn  in 
Fig.  1).  The  most  simple  source  of  g-r  noise  is  a  two 
level  system  (TLS).  In  a  very  schematic  picture,  d°  and 
DX '  can  be  considered  as  such  a  TLS,  with  charge 
carriers  mobile  only  in  cf\  Machlup  [6]  showed  that  the 
g-r  noise  stemming  from  one  single  TLS  is  given  by 
Eq.  (1)  with  ST/  =  0)  =  tr'tr.p^LvnAv  +  Tdmvn)3  and 
T  1  =  Tup  +  Tdo%vn.  where  rup  and  Tdown  are  the  carrier 
lifetimes  in  the  two  levels,  respectively.  Commonly,  the 
electronic  noise  from  DX-centers  in  AlGaAs  alloys  is 
interpreted  following  this  idea  [4].  The  potential  barriers 
£uP  and  £tioun  are  assumed  to  govern  the  thermal 
activation  of  the  lifetimes  tup  =  tup,0  exp(£lip/AT)  and 
Tdown  =  Tdown. 0  exp(£t|(nvn/Ar7’).  tupo  and  tdown.o  are 
considered  to  be  independent  of  temperature,  as  the 
exponential  factor  by  far  dominates  in  the  temperature 
range  of  interest  here.  Assuming  Td0wn^Tup,  the  above 
expressions  can  be  simplified  to 

S(/  =  0)s5;rlT3ow„T-pl,  (2) 

r1  ~Td>nv„-  (3) 

Thus,  because  of  Eq.  (3),  the  thermal  activation  of  r 
directly  yields  £d(Wn  =  £T  =  391  ±8  meV.  From  Eq.  (2), 
£up  =  2£down  -  £.s'„  =  48  +  27  meV.  This  value  is  in 
agreement  with  the  one  obtained  from  the  relation 
evident  from  Fig.  1  £up  =  £dmvn  -  £*  =  46  +  9  meV, 
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Frequency  (Hz) 

Fig.  2.  Typical  non-thermal  noise  spectra  of  an  AIN :  Si  sample  (upper  part)  and  an  Alo.3Gao.7N  :  Si  sample  at  different  temperatures. 
To  discriminate  the  g-r  noise  against  a  1  / /-noise  background,  the  noise  power  density  was  multiplied  by  frequency. 


and  with  the  values  estimated  from  persistent  photo¬ 
conductivity  measurements  [2].  The  assumption 
Tdown^Up  can  be  justified  by  considering  the  other 
limiting  case:  Tdown  =  *up  =  ^o-  Then,  tocto  and 
S(f  -  0)oct0,  in  contrast  to  experiment. 

We  proceed  to  analyze  the  findings  in  Alo.3Gao.7N  :  Si. 
The  conductivity  is  activated  with  20  + 1  meV,  in  good 
agreement  with  the  value  of  «  22  meV  predicted  for  an 
effective  mass  donor.  An  EPR  signal  typical  for  shallow 
donors  (g  =  1.97)  in  AlGaN  alloys  of  this  composition 

[7]  is  observed  at  low  temperatures  and  in  the  dark. 
Upon  illumination,  the  EPR  signal  intensity  is  persis¬ 
tently  increased,  as  well  as  the  conductivity,  however 
only  by  about  20%.  Above  room  temperature,  the  non- 
thermal  noise  is  dominated  by  1  //-noise.  Below  300  K,  a 
comparatively  weak  g-r  noise  component  is  observed 
(cf.  Fig.  2).  As  in  the  case  of  AIN,  both  the  characteristic 
g-r  frequency  t  as  well  as  the  g-r  noise  power  density 
S(f  =  0)  are  found  to  be  thermally  activated.  We  obtain 
EtA  =  (309+10)  meV  and  £So,i  =  (366±8)  meV.  For 
T<210K,  a  second  g-r  contribution  appears,  again 
thermally  activated,  with  EXt 2  =  (192+ 12)  meV  and 
Es 0,2  =  (180+10)  meV. 

Thus,  in  the  Alo.3Gao.7N  samples,  there  is  no  unambig¬ 
uous  evidence  for  the  DX-behavior  of  Si.  This  is  not 
surprising,  as  DX-  is  the  stable  ground  state  for  Si  in 
AlGaN  alloys  only  for  an  Al  content  higher  than  60% 
according  to  the  calculations  of  Boguslawski  and  Bemholc 

[8] .  However,  Kirtley  et  al.  [4]  have  shown  that  the  noise 
properties  of  AlGaAs:Si  are  still  dominated  by  noise 
related  to  DX-centers  even  for  alloy  compositions  where  the 
DX-center  is  resonant  with  the  conduction  band.  Fig.  3 
gives  a  simplified  sketch  of  the  model  proposed  by  Kirtley 


Fig.  3.  Two-level  system  related  to  DX-centers  for  different 
alloy  composition  after  Kirtley  et  al.  [4].  The  left  part  of  the 
figure  shows  the  energy  levels  for  a  deep  DX-center,  as  it  is 
encountered  e.g.  in  AIN :  Si.  The  right  part  suggests  a  possible 
situation  for  alloys  in  which  the  DX-center  is  not  the 
energetically  most  favorable  level  at  low  temperatures  (e.g.  for 
DX  resonant  with  the  conduction  band). 


et  al.  In  particular,  the  figure  shows  that  while  there  is  a  sum 
rule  connecting  Eu p,  £*down  and  Er  for  deep  DX-centers  (as 
e.g.  in  AIN :  Si),  there  is  no  comparable  relation  between  the 
activation  of  the  conductivity  and  the  characteristic  g-r 
noise  entities  for  DX-centers  resonant  with  the  conduction 
band.  This  makes  an  unambiguous  identification  of  DX- 
centers  as  the  noise  source  rather  difficult.  Thus,  in  the  case 
of  Alo.3Gao.7N  :  Si,  an  attribution  of  the  g-r  noise  observed 
to  DX-centers  is  at  best  speculative.  The  data  available  so 
far,  especially  the  observation  of  two  separate  g-r 
components,  could  just  as  well  be  explained  in  terms  of 
conventional  deep  defects.  Obviously,  only  further  investi¬ 
gations  with  samples  of  varying  alloy  composition  and  Si 
doping  density  could  help  clarify  the  possible  existence  and 
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importance  of  DX-centers  for  low  Al  contents  in  AlGaN 
alloys.  On  the  other  hand  it  is  important  to  note  that  in 
Alo.3Gao.7N  :  Si,  g-r  noise  is  observed,  while  in  GaN  only 
1 //'-noise  is  typically  reported. 

4.  Conclusions 

In  summary,  we  have  observed  DX-behavior  of  Si  in 
AIN.  Noise  spectroscopy  has  proven  to  be  a  valuable 
tool  to  quantitatively  determine  transition  energies 
between  DX  and  In  Alo.3Gao.7N  :  Si,  however,  a 
weak  persistent  photoconductivity  and  persistent  EPR 
signal  as  well  as  two  independent  g-r  noise  contributions 
are  observed  at  low  temperatures  indicating  the  possible 
DX-behavior  of  Si  in  these  alloys  too. 
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Abstract 

The  Mu+  defect  centers  in  AIN  and  GaN  are  studied  using  muon  nuclear-quadrupole  level-crossing  resonance 
(QLCR)  and  zero-field  muon  spin  depolarization  measurements.  The  dominant  Mu+  center  is  highly  mobile,  but 
QLCR  spectra  identify  a  second  static  Mu+  state  at  AB||(N)  sites  in  both  nitrides.  This  state  becomes  mobile  above 
800  K  in  AIN,  but  converts  to  a  Mu-  above  200  K  in  GaN.  Zero-field  data  characterize  local  fields  and  motional 
properties  for  this  state  in  AIN.  Above  1100  K  the  mobile  Mu+  in  AIN  shows  strong  interactions  and  traps  at  another 
defect.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  66.30.JT;  71.55.Eq;  76.75. +  i 

Keywords:  Muonium;  Hydrogen;  GaN;  AIN;  Defect  mobility 


1.  Introduction 

The  group-III  nitrides,  especially  their  alloys,  are 
important  materials  for  short  wavelength  optical  de¬ 
vices.  Hydrogen  interacts  with  dopants  and  other  defects 
to  modify  the  electrical  activity  of  the  nitrides,  see  [1],  as 
in  other  semiconductors.  This  activity  makes  hydrogen 
an  important  impurity,  but  also  makes  isolated  hydro¬ 
gen  defects  difficult  to  study.  Muonium  (Mu)  is 
effectively  a  very  light,  short-lived  pseudo-isotope  of 
hydrogen  formed  by  implanting  positive  muons.  Muo¬ 
nium  forms  states  very  similar  to  those  expected  for 
hydrogen  and,  because  of  its  short  lifetime  (t  = 
2.197  ps),  Mu  primarily  occurs  as  an  isolated  impurity. 
Much  of  the  experimental  data  associated  with  isolated 
H  defects  in  many  semiconductors  comes  from  investi¬ 
gations  of  the  muonium  analog. 
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The  wurtzite  structure  of  GaN  or  AIN  has  two 
inequivalent  bonds,  thus  there  are  two  different  bond- 
center  (BC)  sites,  and  two  anti-bonding  (AB)  sites  for 
each  atom.  AB||  sites  lie  in  a  confined  region  formed  by 
the  stacking  sequence  and  have  Mu-Ga(Al)  or  Mu-N 
directions  parallel  to  c.  Each  atom  has  three  ABi  sites, 
directed  at  ~  70°  to  c  into  unblocked  channels  providing 
a  path  for  diffusion,  or  for  local  motion  among  three 
closely  spaced  sites.  Based  on  theoretical  studies  [2-5] 
one  can  expect  either  BC  or  AB(N)  sites  for  Mu+;  BC, 
AB(III),  or  more  likely  a  symmetric  central  channel  site 
for  Mu°;  and  either  AB(III)  or  a  more  centralized 
channel  location  for  Mu-. 

We  previously  investigated  the  sites  and  dynamics  of 
Mu-  in  n-type  GaN  [6-8],  finding  that  Mu-  resides  at 
the  two  Ga  antibonding  locations,  and  that  the  mobile 
Mu-  channel  state  completely  dominates  at  high 
temperatures.  In  the  present  contribution,  we  report 
on  the  locations  and  dynamics  found  for  Mu+  centers  in 
GaN  and  AIN.  One  of  these  states  is  quite  mobile  in 
both  nitrides  and  represents  the  majority  of  charged 
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centers  in  higher  quality  AIN.  This  state  is  associated 
with  a  slowly  relaxing  component  in  zero-field  muon 
spin  depolarization  measurements,  where  static  centers 
have  a  distinctive  signature  characteristic  of  nuclear 
dipolar  fields  at  their  respective  locations.  Assignment  of 
the  weakly  relaxing  component  to  a  mobile  Mu4  in  the 
wurtzite  channels  is  based  on  theoretical  expectations 
and  a  process  of  elimination  in  GaN,  where  all  other 
anticipated  isolated  states  are  separately  identified.  The 
lone  remaining  site,  ABi(N),  gives  a  low  energy  state 
for  Mu*  [2,4]  and  should  be  relatively  mobile.  Un¬ 
fortunately,  extracting  site  details  or  accurate  dynamics 
for  this  state  is  not  possible,  so  the  information  remains 
qualitative  for  the  primary  Mu4  centers.  In  the 
following  we  describe  signals  assigned  to  the  less  mobile 
(theoretically  metastable)  Mu4  centers  and  summarize 
site  assignments  and  dynamics. 


2.  Results  and  discussion 

QLCR  spectra  are  due  to  resonant  cross  relaxation 
between  muon  Zeeman  levels  and  quadrupolar  levels  of 
a  neighboring  nucleus.  These  transitions  are  driven  by 
dipole-dipole  interactions  between  the  muon  and  its 
neighbor  which  mix  the  muon  spin  states  thereby 
reducing  the  muon  polarization.  Resonances  occur  for 
magnetic  fields  at  which  energies  of  non-interacting 
states  of  the  combined  muon  and  nuclear  spins  would 
cross.  The  locations  and  strengths  of  QLCR  resonances 
carry  information  on  the  dipolar  and  nuclear  quad- 
rupolar  interactions  induced  by  the  muon,  thus  contain 
details  of  the  local  defect  structure.  If  the  muon-induced 
electric  field  gradient  (EFG)  dominates  the  intrinsic  one, 
as  appears  to  be  the  case,  its  principle  axis  lies  along  the 
muon-nucleus  bond.  Each  host  atom  has  a  quadrupole 
moment:  7  =  3/2  for  both  69Ga  and  7iGa;  7  =  5/2  for 
~7A1;  and  7=1  for  l4N.  The  two  isotopes  give  a 
definitive  identification  of  any  Ga  resonances.  Strong 
Ga  resonances  imply  Ga  nearest  neighbors  and  are 
assigned  to  Mu'  states  or  to  Mu4  in  a  BC  site. 

Fig.  la  shows  a  QLCR  spectrum  for  GaN  having 
both  Mu4  and  Mu"  features.  The  Ga  related  lines  are 
from  the  two  AB(Ga)  sites  for  Mu"  as  previously 
reported  [6,7].  To  extract  the  N  related  line  which 
overlaps  the  lower-field  71  Ga  resonances,  at  each 
temperature  the  higher  field  6yGa  lines  were  fit  with  all 
parameters  free  and  the  71  Ga  lines  were  then  scaled 
according  to  theoretical  expectations.  The  remaining 
feature  just  below  10  mT  is  a  single  line  and  results  in 
smooth  temperature  dependences  for  the  related  fit 
parameters,  giving  considerable  confidence  in  the 
spectral  separation.  No  other  lines  are  present  below 
150K  with  comparable  intensity,  thus  this  line  was 
assigned  to  an  N  atom  with  its  EFG  tensor  aligned 
along  the  applied  field  direction,  i.e.  the  c-axis. 


The  most  reasonable  option  for  a  static  isolated  Mu 
center  to  associate  with  this  N-related  QLCR  signal  is  a 
Mu  at  the  AB,j(N)  site.  A  BC(]  location  could  work 
except  that  no  Ga  resonances  with  a  similar  temperature 
dependence  were  observed.  Any  other  muon  position 
close  enough  to  a  nitrogen  to  give  the  correct  intensity 
would  result  in  an  EFG  tensor  oriented  well  away  from 
the  c-axis.  This  state  can  therefore  reasonably  be 
assigned  to  a  Mu4  trapped  in  the  confined  cage  region 
of  the  wurtzite  structure.  Since  the  signal  is  strongest  at 
the  lowest  temperatures,  it  is  most  likely  formed  during 
implantation,  when  a  bare  muon  enters  the  cage  at  the 
end  of  its  thermalization  path. 

Fig.  2  displays  the  temperature  dependence  of  the 
QLCR  amplitudes  for  Mu4  at  AB,(N)  and  Mu'  at 
AB|j(Ga),  showing  a  transformation  form  Mux  to  Mu' 
near  200  K.  Similarly,  combined  QLCR  and  depolariza¬ 
tion  data  imply  partial  conversion  of  the  mobile  Mu4  to 
Mu'  at  AB  i  (Ga)  in  this  region  and  complete  transfor¬ 
mation  above  600  K  [8]. 

Results  shown  here  suggest  multiple  transitions  in  the 
200  K  region,  as  do  the  depolarization  data  [6,8]. 
Obviously,  a  change  from  Mu’"  to  Mu'  must  go 
through  a  neutral,  although  perhaps  unstable,  Mu° 
state.  Fits  to  the  decrease  in  ABn(N)  amplitude  as  two 
activated  processes  give  £j  =  0.16(±.03)  eV  and  E2  = 
0.26(±.05)  eV  for  transitions  out  of  Mu4.  A  two  step 
decrease  in  the  mobile  Mu4  zero-field  component  for 
heavily  doped  n-type  GaN  is  also  consistent  with  these 
values  [6]. 

For  AIN,  a  strong  resonance  is  seen  at  4.2  mT  in 
Fig.  lb  with  a  weaker  line  centered  near  6  mT.  The 
strong  resonance  has  the  same  characteristics  as  the  N- 
related  line  in  GaN,  and  is  assigned  to  the  same  state,  a 
Mu~  at  AB||(N).  The  second  resonance  has  no  visible 
partner,  although  a  similar  line  at  lower  field  could  be 
obscured  by  the  larger  features.  The  width  suggests  slow 
dynamics  for  this  second  state  and  its  temperature 
dependence  does  not  match  the  dominant  one.  At 
present  we  cannot  assign  a  site  or  symmetry  to  the 
weaker  feature;  although,  a  Mi C  state  at  AB±(N) 
would  give  two  lines,  the  higher  field  one  roughly  in  this 
position  if  the  EFGs  are  similar  for  the  two  AB(N) 
locations,  as  seen  (Fig.  la)  for  Mu"  at  AB(Ga)  sites  in 
GaN. 

Motional  dynamics  could  be  extracted  from  the 
QLCR  data;  however,  a  more  sensitive  technique  is 
zero-field  depolarization,  for  details  see  [9].  For  a  static 
state  in  a  system  with  numerous  nearby  nuclear 
moments,  the  depolarization  follows  a  Gaussian 
Kubo-Toyabe  (KT)  function.  In  our  analysis  of  AIN 
zero-field  data,  a  KT  component  represents  Mu4  at 
AB||(N)  and  a  slowly  relaxing  component  is  assigned  to 
the  mobile  Mu4  channel  state.  The  primary  parameter 
for  a  static  state  is  the  KT  linewidth.  JKT,  which 
characterizes  the  mean  strength  of  randomly  oriented 
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Magnetic  Field  (G) 

Fig.  1.  Typical  QLCR  spectra;  specifically  shown  for  Mu+  and  Mu”  in  partially  compensated  GaN  (a)  and  Mu+  in  bulk 
polycrystalline  AIN  (b). 


nuclear  dipolar  fields  at  equivalent  sites.  We  obtain 
zIkt  =  326(  +  3)  kHz  for  Mu+  at  AB||(N).  When  the 
Mu+  state  is  mobile,  the  shape  of  this  function  changes 
with  the  hop  rate,  eventually  becoming  nearly  exponen¬ 
tial  for  rapid  motion.  Hop  rates  for  two  AIN  samples 
shown  in  Fig.  3  were  obtained  from  zero-field  data 
analyzed  with  zIkt  fixed  to  the  static  value.  The 
activation  energies  found  from  these  data  sets  are 
1.04(  +  .07)  eV  and  0.96(±.06)  eV.  In  our  model  of  these 
states,  this  1 .0  eV  barrier  represents  the  energy  required 
to  escape  from  the  cage  into  the  channels,  which  would 
likely  occur  through  BCi  sites  with  Mu+  remaining 
attached  to  a  single  N  atom. 

The  slowly  relaxing  component  was  treated  as  a 
Gaussian  in  the  zero-field  fits.  The  fraction  of  muons 
forming  the  low-T  mobile  state  increased  with  visual 
quality  of  the  samples  from  lowest  (25%)  in  bulk 
polycrystalline  AIN  to  highest  (70%)  in  sublimation 


grown  single-crystal  thick  films,  with  a  corresponding 
decrease  in  static  Mu+  (40%  to  20%)  and  atomic-like 
Mu°  (35%  to  10%)  fractions.  Below  900  K  the  slow 
relaxation  rate  was  nearly  constant  at  o  =  21  (±2)  kHz 
in  several  samples.  General  characteristics  suggest 
tunneling  motion  for  this  Mu+  state;  a  very  rough 
estimate  of  the  hop  rate  gives  vo^lOMHz.  For  the 
largest  cross-section  film  (deposited  by  CVD),  the 
relaxation  rate  increased  slowly  above  950  K  to 
38  kHz  at  1140K  implying  stronger  interactions  with 
nuclear  moments.  At  the  highest  temperature  some 
fraction  of  the  mobile  Mu+  species  becomes  trapped  at 
another  defect,  yielding  a  static  component  with 
^kt^5  400  kHz,  significantly  larger  than  for  the  static 
Mu+  below  750  K. 

In  conclusion,  we  have  investigated  the  sites  and 
dynamics  of  Mu+  defect  centers  in  GaN  and  AIN. 
We  find  a  QLCR  signature  of  a  static  Mu+  located  at 
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Fig.  2.  Temperature  dependent  QLCR  amplitudes  showing  a 
conversion  from  MiG  to  Mu  for  AB  cage  sites  in  GaN.  * 


Fig.  3.  Hop  rates  associated  with  the  AB  (N)  site  for  Mu  ’  in 
two  AIN  samples.  The  barriers  for  motion  are  about  1.0  cV. 


AB||(N)  sites  in  both  nitrides.  This  state  converts  to  MiG 
in  a  complicated  set  of  transitions  near  200  K  in  (n-type) 
GaN  and  is  extremely  stable  in  AIN,  where  it  shows 


motion  or  site  change  dynamics  only  above  750  K  with  a 
characteristic  energy  very  close  to  1.0  eV.  We  infer  the 
presence  of  a  mobile  MiG  state  in  both  nitrides  from  a 
slowly  relaxing  diamagnetic  Mil  component  in  zero-field 
depolarization  measurements.  In  GaN,  most  of  the 
mobile  MiG  species  also  converts  to  a  by-then-mobile 
Mu"  state  at  elevated  temperatures.  The  mobile  MiG 
state  has  nearly  constant  dynamics  up  to  900  K  in  AIN, 
but  at  higher  temperatures  shows  increasing  inter¬ 
actions  and  traps  at  an  unknown  impurity  by  1150  K. 
Since  the  investigated  AIN  samples  all  have  significant 
oxygen  content,  we  suggest  an  oxygen  related  trap 
site,  but  have  no  direct  evidence  of  the  specific  trapped 
state. 
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Abstract 

We  have  applied  positron  annihilation  spectroscopy  to  show  that  2MeV  electron  irradiation  at  300  K  creates  Ga 
vacancies  in  GaN  with  an  introduction  rate  of  1cm”1.  The  Ga  vacancies  recover  in  long-range  migration  processes  at 
500-600  K  with  an  estimated  migration  energy  of  1.5(2)eV.  Since  the  native  Ga  vacancies  in  as-grown  GaN  are  stable 
up  to  1300-1 500  K,  we  conclude  that  they  are  complexes  with  oxygen  impurities.  The  estimated  binding  energy  of 
2.2(4)  eV  of  such  complexes  is  in  good  agreement  with  the  results  of  theoretical  calculations.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  GaN;  Ga  vacancy;  Irradiation;  Positron  annihilation 


1.  Introduction 

Gallium  nitride  and  its  alloys  form  a  class  of 
important  semiconductor  materials  for  applications  in 
optoelectronics  at  blue  wavelength  and  electronic 
devices  operating  at  high  temperature  and  high  voltage. 
Ga  vacancies  have  been  observed  as  important  native 
defects  in  n-type  GaN  by  positron  annihilation  spectro¬ 
scopy  [1,2].  However,  the  experiments  so  far  have  given 
only  limited  information  on  their  formation  mechanism 
during  the  crystal  growth.  Electron  irradiation  is  a  very 
valuable  technique  to  introduce  basic  point  defects 
in  a  controlled  way.  The  annealing  treatments  of  the 
irradiated  material  yield  important  information  on  the 
thermal  stability  of  isolated  intrinsic  point  defects.  Such 
knowledge  is  helpful  for  understanding  how  native 
defects  are  formed  during  the  growth. 

Positrons  get  trapped  at  neutral  and  negative  vacan¬ 
cies  because  of  the  missing  positive  charge  of  the  ion 
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cores.  The  reduced  electron  density  at  vacancies 
increases  the  positron  lifetime.  In  this  paper,  we  apply 
positron  annihilation  spectroscopy  to  identify  the  Ga 
vacancies  formed  in  2  MeV  electron  irradiation  of  GaN 
bulk  crystals.  We  study  the  annealing  behavior  of  Ga 
vacancies  and  compare  the  thermal  stabilities  of  native 
and  irradiation-induced  VGa.  We  further  extend  our 
earlier  work  [3]  to  discuss  in  greater  detail  the  temp¬ 
erature  dependence  of  positron  lifetime  in  irradiated 
GaN. 


2.  Experimental  details 

The  bulk  GaN  crystals  were  grown  at  a  nitrogen 
pressure  of  1.5  GPa  and  temperature  of  1500°C  [4]. 
Semi-insulating  Mg-doped  samples  were  chosen  for  the 
experiment,  since  these  are  free  of  native  Ga  vacancies  as 
shown  earlier  [5].  The  Mg  and  O  concentrations  of  the 
samples  were  [0]^[Mg]^  1020cm-3  according  to  sec¬ 
ondary  ion  mass  spectrometry  [5].  The  samples  were 
irradiated  with  2  MeV  electrons  at  300  K  to  two  fluences 
of  <P  =  3  x  1017  and  1  x  1018cm-2.  The  positron  lifetime 
experiments  were  performed  using  conventional  instru¬ 
mentation  with  the  time  resolution  230  ps  [2], 
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Fig.  1 .  Average  positron  lifetime  as  a  function  of  annealing 
temperature  Ta nn  in  two  GaN  samples  irradiated  to  fluences  <P. 
The  measurement  temperature  was  Tmc;is=  300  K.  The  dashed 
line  shows  the  level  of  the  average  positron  lifetime  in  as-grown 
samples  before  irradiation  [3]. 


To  study  simultaneously,  the  recovery  of  irradiation- 
induced  defects  and  the  temperature  dependence  of  the 
positron  lifetime  spectrum,  we  annealed  the  samples  in 
10  '  mbar  vacuum  at  temperatures  raiin  and  measured 
thereafter  positron  lifetimes  as  a  function  of  measure¬ 
ment  temperature  rnieas  from  80 K  up  to  Tann-50K. 
The  measurement  time  of  positron  lifetime  spectrum 
(typically  3-4  h)  is  longer  than  the  annealing  time 
(30  min),  which  was  observed  to  induce  small  recovery 
effects  when  measurements  were  performed  close  to 
T’ann-  However,  the  final  annealing  curve  (Fig.  1)  was 
constructed  of  systematical  data  measured  immediately 
after  cooling  the  sample  to  room  temperature  from  the 
annealing  temperature  Titnn. 


3.  Positron  lifetime  results 

In  unirradiated  Mg-doped  GaN  samples  only  a  single 
exponential  decay  component  with  a  lifetime  r  =  160ps 
is  observed.  As  explained  earlier  [5],  heavily  Mg-doped 
GaN  is  free  of  Ga  vacancies  trapping  positrons,  and  the 
lifetime  x  =  iB=  160ps  corresponds  to  positrons  anni¬ 
hilating  as  delocalized  particles  in  the  defect-free  GaN 
lattice.  The  2MeV  electron  irradiations  with  fluences 
<P  =  3  x  I0|y  and  1  x  10,scm  2,  increase  the  average 
positron  lifetime  by  2  and  5ps,  respectively.  This 
increase  is  a  direct  evidence  of  vacancy  defects  intro¬ 
duced  in  the  samples  in  the  electron  irradiation.  Fig.  1 
shows  the  average  positron  lifetime  rav  at  rmcas=  300  K 
as  a  function  of  the  annealing  temperature  Tann.  Almost 


0  200  400 


Measurement  temperature  (K) 

Fig.  2.  Average  positron  lifetime  as  a  function  of  measurement 
temperature  T nic;is.  The  temperature  dependence  was  measured 
after  annealing  the  sample  at  different  temperatures  7*ann.  The 
dashed  line  shows  the  level  of  the  average  positron  lifetime  in 
as-grown  samples  before  irradiation. 

no  recovery  of  tav  is  observed  up  to  7*ann=450K.  At 
500-600  K,  the  average  lifetime  decreases  and  finally 
coincides  with  the  positron  lifetime  of  about  tu=  160  ps 
in  defect-free  GaN.  This  indicates  the  recovery  of  the 
irradiation-induced  vacancy  defect  at  500-600 K. 

A  careful  experiment  with  high  statistical  accuracy  [3] 
shows  that  the  lifetime  spectrum  in  irradiated  GaN  has 
two  exponential  components.  The  longer  lifetime  com¬ 
ponent,  x2—  235  + 5  ps  corresponds  to  positrons  trapped 
at  the  irradiation-induced  vacancy  defect.  This  lifetime  is 
the  same  as  we  have  earlier  found  for  native  defects 
formed  during  the  growth  of  n-type  GaN  [1,5].  The 
native  vacancy  is  thus  the  same  defect  as  that  introduced 
by  electron  irradiation  at  300  K,  i.e.  the  open  volume  in 
both  of  them  corresponds  to  a  single  missing  atom  from 
the  lattice  site.  As  explained  earlier  in  detail  [6],  the  defect 
with  the  lifetime  tv=  t2=  235±5ps  can  be  identified  as 
the  Ga  vacancy  or  a  complex  involving  VGll. 

The  temperature  dependencies  iav(rmcas)  of  the 
average  positron  lifetime  after  various  annealing  treat¬ 
ments  are  plotted  in  Fig.  2.  After  annealings  at 
T’ann—  300— 450  K,  the  average  lifetime  decreases  at 
low  temperatures,  indicating  that  fewer  positrons 
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annihilate  while  trapped  at  vacancies.  The  same 
behavior  has  been  observed  earlier  in  as-grown  Mg- 
doped  GaN  [5]  as  well  as  in  many  other  semiconductors 
[7].  The  decrease  of  rav  is  due  to  negative  Mg5a  ions 
capturing  positrons  at  hydrogenic  states  at  low  tem¬ 
peratures  [5].  This  trapping  prevents  positrons  from 
getting  into  the  vacancy  defects,  thus  decreasing  the 
average  lifetime  towards  the  bulk  value  tg  at  low 
temperatures.  After  annealing  at  Fann=  600  K  the 
average  positron  lifetime  increases  only  slightly  with 
temperature  (Fig.  2).  The  slope  of  iav  vs.  T  is  similar  to 
that  found  earlier  in  GaN(Mg)  samples  without 
vacancies  and  can  be  associated  with  the  thermal 
expansion  of  the  lattice.  This  confirms  further  that 
vacancies  introduced  in  the  electron  irradiation  recover 
after  annealing  at  500-600  K. 

Fig.  1  shows  that  the  concentration  of  Ga  vacancies  in 
2MeV  electron  irradiation  increases  with  the  fluence. 
The  quantitative  analysis  of  the  VGa  concentrations  and 
the  introduction  rate  can  be  done  with  the  positron 
trapping  model  [7].  We  proceed  as  earlier  [5]  and  take 
into  account  both  vacancies  and  negative  ions  as 
positron  traps.  When  the  concentration  of  negative  ions 
is  fixed  to  the  Mg  concentration  ci0n=  1020  cm-3 
determined  in  these  crystals  using  secondary-ion  mass 
spectrometry  [5],  we  can  deduce  the  Ga  vacancy 
concentrations  from  the  measured  average  positron 
lifetime.  Notice  that  the  possible  irradiation-induced 
negative  ions  do  not  play  any  role  in  this  analysis 
because  the  concentration  of  negative  MgGa  in  the 
samples  is  10-100  times  larger  than  that  of  any  defect 
formed  in  the  irradiation. 

Fig.  3  shows  that  the  concentration  of  Ga  vacancies 
increases  linearly  with  the  electron  irradiation  fluence 
in  the  range  $  =  (0-10)  x  10I7cm-2.  The  introduction 
rate  is  roughly  Zv=  cv/$  —  1cm-1.  This  is  a  typical 
value  for  primary  defects  formed  in  the  irradiation. 
Furthermore,  the  same  introduction  rate  has  been 
determined  for  Frenkel  pairs  in  the  nitrogen  sublattice 
using  0.7-1  MeV  irradiation  [8].  For  2MeV  electrons, 
the  electrical  experiments  show  a  total  acceptor  intro¬ 
duction  rate  of  1-2  cm-1  [9].  This  value  is  close  to  that 
determined  here  for  Ga  vacancies,  but  other  acceptors, 
such  as  the  N  interstitials  [8],  most  likely  also  contribute 
in  the  electrical  experiments. 

Chow  et  al.  [10]  have  recently  applied  optical 
detection  of  electron  paramagnetic  resonance  (ODEPR) 
to  observe  the  interstitial  Ga  and  related  defects  in 
irradiated  GaN.  According  to  their  results,  the  Ga 
interstitial  is  mobile  at  room  temperature  and  subse¬ 
quently  gets  trapped,  perhaps  by  oxygen  impurities  in 
the  sample.  It  is  clear  that  this  trapped  Ga  interstitial 
must  have  left  a  Ga  vacancy  behind  in  the  irradiation.  In 
perfect  agreement  with  the  results  of  Chow  et  al.  [10]  we 
thus  detect  the  irradiation-induced  Ga  vacancy  after 
similar  2  MeV  irradiation  at  300  K. 


Fig.  3.  The  concentration  of  Ga  vacancies  as  a  function  of 
2  MeV  electron  irradiation  fluence  at  300  K.  The  solid  line 
corresponds  to  the  introduction  rate  of  rv=  1  cm”1  [3]. 


Fig.  1  shows  that  the  Ga  vacancies  recover  in  30  min 
isochronal  heat  treatments  at  500-600  K.  The  defects 
associated  with  trapped  Ga  interstitials  are  stable  at 
500-600  K  and  anneal  at  clearly  higher  temperatures  of 
700-900  K  according  to  Bozdog  et  al.  [11,12].  This 
suggests  that  Ga  vacancies  recover  by  becoming  mobile 
defects  at  500-600  K.  Assuming  that  the  vacancy  takes 
roughly  103-105  jumps  with  an  attempt  frequency 
1013s-1  in  the  30  min  annealing  time,  we  can  convert 
the  recovery  temperature  of  600  K  to  an  activation 
energy  of  1.5(2)eV.  This  value  can  be  taken  as  an 
estimate  for  the  migration  energy  of  Ga  vacancies  in 
GaN. 

The  native  Ga  vacancies  observed  in  as-grown  n-type 
GaN  are  stable  up  to  much  higher  temperatures 
than  600  K,  where  the  irradiation-induced  Ga  vacan¬ 
cies  recover.  This  points  out  directly  that  the  Ga 
vacancies  formed  during  the  growth  are  not  isolated 
but  belong  to  stable  defect  complexes,  most  likely 
with  O  impurities  as  suggested  earlier  [13].  At  growth 
temperatures  (typically  >  1 300  K)  negatively  charged 
Ga  vacancies  are  mobile  and  migrate  in  the  lattice 
until  they  are  trapped  at  positive  oxygen  donors.  In 
fact,  our  preliminary  results  show  that  native 
Ga  vacancy  complexes  recover  in  heat  treatments 
at  1300-1 500  K  in  samples  grown  by  metal-organic 
chemical  vapor  deposition  at  about  1300K.  The 
recovery  temperature  of  1400  K  corresponds  to  an 
activation  energy  of  3.7(2)  eV,  which  can  be  inter¬ 
preted  as  the  sum  Fm+Fb  of  the  migration  energy  of 
VGa  and  the  binding  energy  of  the  VGa-C>N  complex. 
Taking  the  migration  energy  EM=  1.5(2)  eV  deter¬ 
mined  above,  we  get  a  binding  energy  of  EB=  2.2(4)  for 
for  the  VGil -On  pair.  This  value  is  in  excellent 
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agreement  with  the  theoretical  estimates  of  1.8-2.1eV 
[14,15], 


4.  Conclusions 

We  have  identified  Ga  vacancies  formed  with  the 
introduction  rate  of  1  cm  1  in  2MeV  electron-irradia¬ 
tion  of  GaN  bulk  crystals  at  300  K.  The  Ga  vacancies 
recover  in  heat  treatments  at  500-600  K.  According  to 
previous  ODEPR  experiments  [10-12]  Ga  interstitials 
are  trapped  by  other  defects  at  this  temperature  range 
and  anneal  only  above  700  K.  We  thus  conclude  that  Ga 
vacancies  become  mobile  defects  at  500-600  K  and 
recover  in  long-range  migration  processes,  with  an 
estimated  migration  energy  of  1.5(2)eV.  These  results 
indicate  that  the  native  Ga  vacancies  formed  during  the 
crystal  growth  are  associated  with  defect  complexes, 
probably  with  the  oxygen  donors.  We  estimate  a  binding 
energy  of  2.2(4)  eV  for  these  complexes,  indicating  that 
they  are  stable  at  the  elevated  growth  temperature  of 
GaN.  Our  results  show  further  that  Mg  impurities  are 
negatively  charged  in  highly  resistive  Mg-doped  GaN 
bulk  crystals. 
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Abstract 

Epitaxial  GaN  thin  films  were  grown  by  low-energy  nitrogen  ion  beam  assisted  deposition  of  gallium  on  c-plane 
sapphire.  By  applying  X-ray  diffraction  and  transmission  electron  microscopy,  the  influence  of  the  ion  irradiation 
induced  defects  on  the  formation  of  the  undesired  cubic  GaN  polytype  in  the  hexagonal  films  is  investigated.  The  results 
show  that  in  all  films  containing  the  cubic  polytype  it  appears  in  twinned  form.  An  increase  of  the  ion  energy  as  well  as 
the  ratio  of  nitrogen  ion  flux  and  gallium  atom  flux  (I  /  A -ratio)  leads  to  an  increase  in  the  amount  of  cubic  poly  type  in 
the  films.  The  observations  are  discussed  considering  the  ion  beam  induced  defect  creation.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Ion  beam  assisted  deposition;  GaN  polytypes;  XRD  pole  figures;  Ion  beam  induced  defects 


1.  Introduction 

As  the  binding  energy  difference  between  the  Ga-N 
bond  in  the  stable  hexagonal  (wurtzitic)  and  metastable 
cubic  (zincblende)  polytype  of  GaN  is  only  about 
20  meV  [1],  the  probability  of  stacking  faults  is  high, 
i.e.  zincblende  GaN  (z-GaN,  c-GaN)  often  found  in 
films  intended  to  be  purely  wurtzitic  GaN  (w-GaN,  h- 
GaN)  and  vice  versa  [2,3].  The  necessary  deposition 
conditions  to  obtain  pure  hexagonal  films  are  published 
for  GaN  films  grown  by  molecular  beam  epitaxy  (MBE) 
or  metal-organic  vapour  phase  epitaxy  (MOVPE)  to  be 
grown  in  the  nitrogen-rich  regime  and  at  high  tempera¬ 
tures  [3,4].  The  deposition  of  GaN  films  using  energetic 
nitrogen  ions  is  expected  to  influence  these  necessary 
growth  conditions  due  to  the  large  energy  input  into  the 
surface  region  and  the  ion  beam  induced  defect  creation. 
The  displacement  energy  of  GaN,  i.e.  the  energy  that 
must  be  at  least  transferred  in  an  elastic  atomic  collision 
in  order  to  create  a  permanent  point  defect  in  GaN,  is 
about  24  eV  [5]. 
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In  this  paper,  the  ion  energy  was  chosen  that  high 
defects  are  created  by  ion  impingement,  but  only  within 
the  first  few  nanometres  of  the  growing  GaN  film.  The 
appearance  of  the  cubic  polytype  and  the  effect  of  the 
ion  beam  parameters  on  the  cubic  fraction  of  GaN  films 
grown  on  c-plane  sapphire,  that  is  usually  used  for 
growth  of  /z-GaN,  is  investigated. 


2.  Experimental 

The  GaN  thin  films  were  grown  in  a  high  vacuum 
chamber  with  a  base  pressure  of  5xlO-6Pa  by 
evaporating  gallium  with  an  effusion  cell  onto  a 
c-plane  sapphire  substrate  and  simultaneously  irradiat¬ 
ing  the  growing  film  with  hyperthermal  nitrogen 
ions  delivered  by  a  Kaufman-type  ion  source.  The 
gallium  atom  flux  and  the  nitrogen  ion  flux  was 
measured  by  a  quartz  crystal  and  a  Faraday  cup 
array,  respectively.  The  process  temperature,  moni¬ 
tored  by  thermocouples,  was  held  constant  at  750°C. 
The  arrival  ratio  of  nitrogen  ions  to  gallium  atoms 
{I /A- ratio)  was  varied  between  0.35  and  1.0  by 
alteration  of  the  gallium  flux  at  a  constant  nitrogen 
ion  current  density  of  20  pA/cm2.  The  ion  energy  E  was 
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in  the  range  of  50-1 50  eV.  The  total  film  thickness  of 
GaN  was  about  300  nm. 

X-ray  diffraction  (XRD)  measurements  were  per¬ 
formed  with  Cu-Ka  radiation  using  a  four-circle 
goniometre  with  Eulerian  cradle  and  a  secondary 
graphite  monochromator.  To  measure  a  pole  figure  the 
sample  was  rotated  (azimuthal  angle  <p)  at  increasing 
sample  tilts  (polar  angle  y)  in  a  fixed  0-20-geometry 
with  a  step  width  of  1°  in  cp  and  /.  The  diffracted 
intensity  distribution  is  illustrated  in  stereographic 
projection. 

Cross-section  TEM  micrographs  were  obtained 
by  an  electron  microscope  with  an  acceleration 
voltage  of  300  kV  and  an  electronic  image  aquisition 
system. 


3.  Results  and  discussion 

To  distinguish  between  the  //-GaN  and  c-GaN, 
texture  measurements  were  performed.  In  Fig.  1  the 
hexagonal  {10 1  1}  and  the  cubic  {Ill}  XRD  pole 
figure  of  a  typical  GaN  film  containing  both  polytypes 
prepared  by  IBAD  is  shown.  From  the  fact  that  distinct, 
separated  and  narrow  pole  density  maxima  are  visible  it 
can  be  concluded  that  the  film  is  of  high  crystalline 
order.  Further,  the  number  of  pole  density  maxima  in 
the  cubic  pole  figure  reveals  that  the  cubic  polytype 
appears  in  a  two-fold  form  in  the  film.  If  there  were  only 
one  cubic  crystallite  orientation  in  the  thin  film, 
arranged  by  stacking  (111)  planes  in  the  order 
ABCABCA...,  then  only  three-pole  density  maxima 
at  a  polar  angle  of  70.5'  with  an  equal  azimuthal 
distance  of  120'  would  be  present  in  the  pole  figure.  The 
existence  of  a  second  set  of  three-pole  density  maxima, 
rotated  against  the  first  set  by  180°,  proves  the  existence 
of  the  cubic  rotational  twin,  arranged  by  stacking  (111) 
planes  in  the  order  ACBACBA...,  in  the  film.  Conse¬ 
quently,  the  two  cubic  twins  have  the  epitaxial  relation¬ 
ship 

oGaN(l  1  l)||c-GaN(l  1  1), 
and 

c-GaN[!  1 0]||c-GaN[I  10]. 

In  all  samples  grown  for  this  study  it  was  found  that  the 
ratio  of  diffracted  intensity  originating  from  the  two 
twins  is  about  unity.  This  is  understandable,  as  the 
stacking  orders  given  above  have  equal  probabilities. 
The  epitaxial  relationship  between  hexagonal  and  cubic 
polytypes  as  derived  from  the  pole  figures  is 

//-GaN(0  0  0  1)||  r-GaN(  1  1  I), 

and 

//-GaN[2  T  I  0]  [|  c-GaN[1 1  0]  or  c-GaN[  1  I  0]. 


w-GaN  PF  {1011}  z-GaN  PF  {111} 


Fig.  1.  Hexagonal  (1  01  1}  and  cubic  {111}  XRD  pole  figures 
of  a  thin  GaN  film  containing  a  mixture  of  both  polytypes.  The 
dotted  circles  indicate  the  <p-scans  that  were  measured  to  obtain 
the  phase  index. 


These  relationships  arise  from  the  [0001]  growth 
direction  of  the  hexagonal  GaN.  Stacking  faults  in  the 
hexagonal  stacking  sequence  ABABA...  can  lead  to  the 
cubic  polytype,  as  the  (000  1)  plane  of //-GaN  and  the 
(1  I  l)-plane  of  c-GaN  are  almost  identical. 

Together  with  the  known  epitaxial  relationship 
between  hexagonal  GaN  and  sapphire  [6]  the  epitaxial 
relationships  between  the  cubic  twins  and  sapphire  are 
given  by 

AFO.ffOOO  l)||c-GaN(1 11), 
and 

AFO.ifl  1 00]||c-GaN[I  1  0]  or  c-GaN[l  1 0]. 

A  semi-quantitative  measure  of  the  fraction  of  the  cubic 
phase  in  the  GaN  film  can  be  obtained  by  measuring 
r/)-scans  as  indicated  by  the  dotted  circles  in  the  pole 
figures  in  Fig.  1  and  calculating  the  phase  index  (PIX), 
defined  by 

pix  =  1  »rd» _  (1) 

In"  h  i  i>d«>  +  /n'/(i  o!ii  d</> 

with  7(m  /)  being  the  diffracted  intensity.  Obviously,  the 
PIX  does  not  give  the  real  concentration  of  the  c-GaN  in 
the  sample.  For  this  purpose  pure  and  mixed  hexagonal 
and  cubic  GaN  samples  with  known  film  thickness  and 
with  comparable  crystalline  quality  would  be  necessary 
for  obtaining  calibration  factors.  However,  in  order  to 
compare  films  with  different  cubic  content  the  PIX  is  a 
simple  and  reliable  measure. 

As  can  be  derived  from  Fig.  2a  and  b,  showing  the 
PIX  as  a  function  of  the  ion  beam  parameters  I/A  and 
E}  the  variation  of  both  parameters  influences  the  cubic 
amount  in  the  GaN  films.  The  first  observation  is  the 
increase  of  the  cubic  amount  with  increasing  ///1-ratio, 
i.e.  increasing  nitrogen  to  gallium  arrival  ratio.  This  is 
contrary  to  the  results  known  from  MBE  and  MOVPE, 
where  the  cubic  amount  drops  with  increasing  nitrogen- 
rich  growth  and  rises  with  increasing  gallium-rich 
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(a)  l/A-ratio 

Fig.  2.  Phase  index  PIX,  i.e.  cubic  intensity  fraction  as  a  function  of  //,4-ratio  (a)  and  ion  energy  (b). 


Fig.  3.  TEM  micrographs  (zone  axis:  sapphire  [1  100])  of  a  GaN  film  deposited  with  J /A  =  0.7  and  E  =  50eV:  bright  field  image  (a) 
with  corresponding  diffraction  pattern  (b),  dark  field  images  excited  with  (1  1 1)  of  first  cubic  twin  (c)  and  second  cubic  twin  (e)  with 
corresponding  selected  area  diffraction  patterns  (d,  f).  The  white  arrows  indicate  the  spots  used  for  the  dark  field  images. 


growth  [3,4].  A  proof  for  this  unfamiliar  behaviour  of 
the  cubic  phase  content  in  GaN  films  grown  by  IBAD  is 
that  the  density  of  gallium  droplets  observed  on  films 
prepared  with  I / A- ratios  of  0.35  to  0.7  diminishes  with 
increasing  I /A- ratio  and  vanishes  for  I / A  =  1.0  (not 
shown  here).  This  marks  the  transition  from  gallium- 
rich  to  nitrogen-rich  growth  which  would  lead  to  a 
decrease  in  the  cubic  amount  of  MBE  and  MOVPE 
GaN  films  in  contrast  to  the  results  obtained  for  IBAD 
GaN  films.  The  second  observation  is  the  trend  of  the 
cubic  fraction  to  increase  with  higher  ion  energies. 

As  XRD  measurements  deliver  integral  information 
due  to  the  high  penetration  depth  of  X-rays,  electron 
microscopical  investigations  were  conducted  to  obtain 


local  information  on  the  nature  of  the  cubic  polytype 
detected  by  XRD.  Because  both  extended  cubic  domains 
as  well  as  a  high  density  of  stacking  faults  could  result  in 
the  obtained  diffracted  intensity  ratios.  The  TEM  cross- 
section  bright-field  micrograph  of  a  GaN  film  deposited 
with  IjA  =  0.7  and  E  =  50  eV  in  Fig.  3a  shows  two 
regions  devided  by  a  v-shaped  insertion  at  the  film 
surface.  The  side  walls  of  this  insertion  and  the  film 
surface  build  an  angle  of  about  55°.  This  matches  the 
angle  between  the  (111)  and  (001)  planes  in  cubic 
crystals  and  therefore  it  can  be  concluded  that  the 
insertion  walls  are  (001)  facets  of  coalesced  cubic 
domains.  The  corresponding  overall  diffraction  pattern 
(Fig.  3b)  shows  a  variety  of  relatively  sharp  diffraction 
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spots.  By  choosing  only  one  of  these  spots  (marked  with 
a  white  arrow)  and  creating  a  dark-field  image  with  this 
single  spot,  in  fact  two  domains  (see  bright  image  parts) 
can  be  distinguished  in  Fig.  3c  and  e  which  extend  over 
the  whole  film  thickness.  The  selected  area  diffraction 
patterns  of  the  left  and  the  right  domain  (Fig.  3d  and  0 
are  characteristic  of  cubic  systems  and  can  be  assigned 
to  two  different  cubic  twins  as  already  observed  by 
XRD.  It  has  to  be  noted  that  this  selected  sample  region 
does  not  contain  any  hexagonal  GaN  at  all,  but  that 
hexagonal  GaN  was  found  in  other  regions  of  the  film. 

The  results  presented  above  allow  the  following 
conclusions: 

(i)  The  increase  of  the  cubic  fraction  with  both 
increase  of  I /A  and  E  is  definitely  correlated  with  the 
ion  beam  irradiation  during  growth.  The  increase  in  the 
two  parameters  results  in  a  higher  defect  production 
and,  due  to  the  larger  penetration  depth  of  nitrogen  ions 
with  higher  ion  energy,  in  a  broader  region  where  defects 
are  created.  However,  it  still  has  to  be  kept  in  mind  that 
the  mean  projected  range  of  nitrogen  ions  in  GaN  as 
calculated  by  the  Monte-Carlo  code  TRIM  [7]  is  only 
two  to  three  monolayers  for  the  chosen  ion  energies  and 
the  created  defects  are  not  annealed  out  at  the 
deposition  temperature  (see  Ref.  [8]). 

(ii)  The  formation  of  the  cubic  phase  during  ion  beam 
assisted  growth  of  GaN  is  a  nucleation  phenomenon  at 
the  substrate  surface,  as  the  domains  extend  over  the 
whole  film  thickness  and  no  growth  of  hexagonal  GaN 
or  the  complementary  cubic  twin  occurred  in  these 
domains. 

(iii)  The  ion  beam  irradiation  during  deposition 
stabilizes  the  growth  of  the  metastable  cubic  polytype. 
However,  the  mechanism  of  stabilization  of  the  cubic 
phase  due  to  ion  beam  induced  defects  in  the  surface 
region,  that  was  also  assumed  by  Lee  et  al.  [9],  is  not 
clear  up  to  now.  Furthermore,  it  was  found  that  the 
compressive  stress  in  films  of  the  present  study  was  up  to 
600  MPa  [10].  Therefore,  an  additional  influence  of 
mechanical  stress  on  the  polytype  stabilization  may  be 
taken  into  account. 


4.  Summary 

The  influence  of  the  ion  irradiation  during  low-energy 
nitrogen  ion  beam  assisted  deposition  of  gallium  on  c- 
plane  sapphire  substrates  was  investigated  with  respect 
to  the  formation  of  the  cubic  polytype.  The  results  show 
that  c-GaN  appears  in  large  twinned  domains  and  that 
an  increase  of  the  nitrogen  ion  to  gallium  atom  flux 
ratio,  as  well  as  an  increase  of  the  ion  energy  favours  the 
formation  and  stabilization  of  c-GaN. 
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Abstract 

Optically  detected  electron  paramagnetic  resonance  (ODEPR)  measurements  in  the  yellow  luminescence  (YL)  under 
pressures  up  to  7  GPa  have  been  performed.  A  non-magnetic  diamond  anvil  cell  was  designed,  into  which  microwaves 
in  the  4  mm  band  (72  GHz)  could  be  coupled.  One  of  the  main  limiting  factors  for  the  ODEPR  measurements  in  the  YL 
at  high  pressures  is  the  strongly  decreased  the  YL  intensity  at  low  temperatures.  At  normal  pressure,  when  cooling  the 
sample,  the  YL  intensity  increases.  Under  pressures  of  5-10.8  GPa,  the  YL  intensity  decreases  significantly  upon 
cooling.  ODEPR  spectra  of  the  undoped  MOVPE  GaN  layer  on  sapphire  measured  in  YL  at  1.5  K  at  normal  pressure 
showed  resonance  lines  at  =  1.989,  and  =  1.952  and  a  shoulder  with  =  1.958,  respectively.  At  low  temperatures 
under  pressures  of  5-10.8  GPa,  a  part  of  the  YL  intensity  remains,  but  only  the  ODEPR  line  at  g^  =  1.989  is  measured 
while  that  at  g{]  =  1.952  disappears.  The  disappearing  part  of  the  YL  is  due  to  a  donor-acceptor  recombination  from  a 
DX-like  donor,  which  is  attributed  to  the  oxygen  on  nitrogen  sites  (On)  in  agreement  with  theory  and  other 
experiments.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  ODEPR;  Yellow  luminescence  intensity;  Pressure  and  temperature  dependence 


1.  Introduction 

GaN  is  an  important  material  for  opto-electronic 
applications  in  the  visible  and  near  UV  spectral  range 
[l].In  most  nominally  undoped  metal  organic  vapor 
phase  epitaxy  (MOVPE)-grown  GaN  samples,  an 
unwanted  broad  luminescence  band  centered  around 
2.2  eV,  the  so-called  yellow  luminescence  (YL)  is 
observed.  The  origin  of  this  yellow  luminescence  has 
been  actively  debated  [2-10]. 

The  YL  in  n-type  GaN  was  investigated  under  high 
hydrostatic  pressure  at  room  temperature  by  Suski  et  al. 
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[4].  A  shift  of  the  peak  position  of  the  YL  with  the  shift 
of  the  conduction  band  up  to  a  pressure  of  20  GPa  was 
found. 

The  aim  of  the  present  work  was  to  investigate  the 
optically  detected  electron  paramagnetic  resonance 
(ODEPR)  and  yellow  luminescence  intensity  in  wurtzite 
GaN  under  high  hydrostatic  pressures  at  low  tempera¬ 
tures  in  order  to  obtain  more  information  on  the  nature 
of  the  three  ODEPR  lines  measured  previously  in  the 
YL  at  ambient  pressure  and  tentatively  associated  with 
shallow  donors  [10]. 


2.  Experimental 

Optically  detected  electron  paramagnetic  resonance 
measurements  in  the  YL  under  pressures  up  to  7  GPa 
have  been  performed.  A  non-magnetic  diamond  anvil 
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cell  was  designed,  into  which  microwaves  in  the  4  mm 
band  (72  GHz)  could  be  coupled. 

All  its  parts  were  made  of  a  CuBe  alloy  with  2%  Be. 
The  type  Ha  diamonds  having  a  low  luminescence  were 
supported  by  B4C  disks  to  provide  a  maximum  aperture 
for  the  microwaves,  which  reached  the  sample  without 
significant  attenuation.  The  gasket  material  was  Incon- 
nel  X  600  which  distorted  the  magnetic  field  only 
slightly.  The  sample  chamber  had  typically  250-300  pm 
diameter  and  70  pm  thickness.  The  pressure  was 
measured  using  the  ruby  fluorescence  method  [11,12]. 
The  use  of  liquid  Ar  as  transmission  media  implied  that 
a  minimum  pressure  of  few  GPa  had  to  be  applied  as  the 
lowest  pressure  to  completely  seal  the  sample  chamber. 
The  pressure  cell  was  placed  into  a  He  bath  cryostat 
(1.5  K)  and  in  a  magnetic  field  up  to  4T.  The  optical 
excitation  was  done  with  a  halogen  or  deuterium  lamp 
followed  by  filters.  The  PL,  which  was  corrected  for  the 
above  band  gap  excitation  intensity  and  for  the 
contribution  of  the  diamonds,  was  recorded  through 
appropriate  filters  with  a  photomultiplier.  The  above 
band  gap  excitation  intensity  decreased  with  increasing 
pressure.  The  EPR  was  detected  as  a  microwave-induced 
increase  of  the  YL  intensity. 

The  GaN  layers,  approx.  3  pm  thick,  were  nominally 
undoped  and  grown  with  MOVPE  on  sapphire,  the 
thickness  of  which  was  reduced  to  about  20  pm  with 
mechanical  polishing.  The  sample  diameter  was  200- 
250  pm. 

The  limitation  to  7  GPa,  of  the  ODEPR  measure¬ 
ments,  is  due  to  the  strongly  decreasing  YL  intensity 
only.  The  high-pressure  cell  itself  allows  for  ODEPR 
experiments  up  to  pressures  of  30  GPa  [13], 


3.  Results 

The  YL  measured  at  295  K  under  pressure  shows  a 
blue  shift  and  decreases  in  intensity,  it  is  hardly 
measurable  at  18  GPa  [13].  This  result  is  in  agreement 
with  the  observations  of  Suski  et  al.  [4]. 

The  intensity  of  the  YL  increases  when  cooling  to  low 
temperature  under  ambient  pressure.  However,  as  seen 
in  Fig.  1,  it  strongly  decreases  when  cooling  under 
pressure.  Its  spectral  shape  remains  almost  unchanged 
when  changing  the  temperature.  As  the  quenching  effect 
increases,  the  higher  the  pressure  becomes  (see  Fig.  2  for 
various  pressures),  while  the  spectral  shape  always 
remains  unchanged  (see  Fig.  1). 

Fig.  3  shows  the  ODEPR  spectra  measured  at  72  GHz 
at  ambient  pressure  using  a  large  sample  of  an  undoped 
MOVPE  GaN  layer  on  sapphire  (5  x  10  mm2)  and 
optimal  excitation  conditions.  The  sample  was  not  in  a 
cavity  but  directly  irradiated  with  the  4  mm  microwaves. 
A  very  good  signal-to-noise  ratio  could  be  achieved.  The 
three  resonances  resolved,  already  measured  previously 
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Fig.  1.  PL  signal  of  the  YL  at  a  pressure  of  8  GPa  for 
temperatures  of  285,  205  and  10 K. 
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Fig.  2.  Temperature  dependence  of  the  YL  at  different 
pressures. 
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Fig.  3.  ODEPR  spectrum  for  B\\c  measured  in  the  YL  at 
72  GHz.  The  ^-values  of  three  resonance  lines  are  shown. 


[10],  have  been  assigned  to  three  shallow  donors  in  Ref. 
[9]  on  the  basis  of  a  mapping  investigation.  The  relative 
signal  intensities  of  the  line  at  —  1.989  to  that  at  — 
1.952  depend  on  the  illuminated  spot  of  the  sample  and 
can  vary  by  as  much  a  factor  of  2.  In  Fig.  3,  an  average 
of  the  large  sample  is  measured.  The  line  at  g y  =  1.952 
was  assigned  to  the  residual  donor  ([3]  and  references 
therein). 

Fig.  4  shows  the  results  of  the  high-pressure  ODEPR 
experiments.  At  ambient  pressure,  the  two  known 
resonances  at  =  1.989  and  g^  =  1.952  are  clearly 
seen.  The  signal-to-noise  ratio  is  much  worse  when 
measuring  the  ODEPR  in  the  diamond  anvil  cell 
compared  to  Fig.  3,  where  a  further  resonance  in  the 
low-field  shoulder  of  the  line  at  g^  —  1 .952  was  detected 
at  0||  =  1.958.  Note  that  the  magnetic  field  was  corrected 
for  the  field  shift  by  the  pressure  cell  (~  1  %)  and  that  the 
measurement  time  for  each  pressure  was  about  50  h.  The 
relative  signal  intensity  of  the  line  at  g^  =  1 .989  to  that 
of  0||  =  1.952  is  different  from  that  of  Fig.  3,  since  only  a 
small  piece  of  the  sample  with  ~  250  ju.m  diameter  is  used 
for  the  experiment  with  the  diamond  anvil  cell,  where 
the  signal  at  g^  =  1.952  happens  to  be  rather  low 
compared  to  that  at  g^  =  1.989  [9].  The  most  important 
result  is  that  the  line  at  g^  =  1.952  previously  ascribed  to 
the  residual  donor  disappears  when  pressure  is  applied, 
i.e.  this  donor  belongs  to  that  part  of  the  YL  which 
has  a  thermal  barrier.  The  line  at  g^  =  1.989  does  not 
disappear  and  it  seems  that  the  signal  around  g^  =  1.958 
does  not  disappear  either.  However,  due  to  the  low 
signal-to-noise  ratio,  this  cannot  be  stated  with  cer¬ 
tainty.  The  line  at  g^  =  1 .989  broadens  somewhat  under 
pressure. 

One  of  the  main  limiting  factors  for  the  ODEPR 
measurements  in  the  YL  at  high  pressures  is  the 
significantly  decreasing  YL  intensity  at  low  tempera¬ 
tures. 
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Fig.  4.  ODEPR  signal  in  the  YL  at  different  hydrostatic 
pressures.  The  sample  size  is  about  200  pm  in  diameter. 

4.  Discussion 

At  low  temperatures,  the  relative  signal  intensity  of 
the  line  at  g^  =  1.952  to  that  at  g^  =  1.989  changes  under 
high  pressures  such  that  the  line  at  width  g^  =  1.952 
disappears  which  happens  already  at  rather  moderate 
pressures.  This  result  shows  that  both  ODEPR  lines 
must  belong  to  different  recombination  paths,  in 
agreement  with  the  result  of  the  ODEPR  mapping 
experiments  [9]. 

The  disappearance  of  the  ODEPR  line  at  g^  =  1.952 
coincides  with  the  disappearance  of  part  of  the  YL 
by  cooling  to  low  temperatures  under  pressures  of 
5-10.8  GPa.  Only  part  of  the  YL  intensity  remains. 
However,  since  the  spectral  shape  of  the  YL  remains 
almost  unchanged  at  different  temperatures  and  at 
pressures  at  least  up  to  8  GPa,  both  recombination 
paths  of  the  YL  must  have  very  similar  energy 
differences  between  donor  and  acceptor. 

We  propose  that  the  disappearing  recombination  path 
of  the  YL  involves  a  defect,  which  becomes  a  barrier  at 
low  temperatures  and  high  pressures  such  as  the  DX-like 
donors  [14]  have.  The  disappearing  part  of  the  YL  is  due 
to  a  donor-acceptor  recombination  from  a  DX-like 
donor,  which  is  attributed  to  On  in  agreement  with 
theory  [15]  and  other  experiments  [16]. 

Thus,  we  assign  the  residual  donor  to  oxygen  on 
nitrogen  sites  (On).  It  is  well  possible  that  SiGa  is 
responsible  for  the  shoulder  at  g  —  1.958.  An  EPR  study 
of  Si-doped  wurtzite  GaN  yielded  g^  =  1.9510  in  X-band 
[17].  It  remains,  however,  unclear  as  to  the  nature  of  the 
other  shallow  donor  with  g^  =  1 .989.  It  is  only  clear  that 
this  line  cannot  be  the  acceptor  involved  in  the  YL. 
Assuming  recombination  to  the  same  acceptor,  it  will  be 
a  shallow  donor  with  a  very  similar  ionisation  energy  as 
On,  perhaps  within  +50meV. 
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Abstract 

We  investigated  the  structural  defects  in  GaN  grown  by  hydride  vapor-phase  epitaxy  via  flow-modulation  growth 
technique.  It  is  found  that  the  structural  defects  decrease  greatly  from  the  initial  layer  (10lo-12cm-2)  above  substrate  to 
the  top  layer  (107cm-2).  Optical  differential  interference  contrast  microscopy  and  atomic  force  microscopy 
observations  show  that  the  semiconductor  layers  have  also  good  homogeneity  and  morphology.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Morphology;  Structural  defects;  Flow-modulation  growth 


1.  Introduction 

Structural  quality  of  GaN  films  is  of  importance  for 
the  applications  of  this  promising  semiconductor. 
Significant  progress  in  improving  crystal  quality  has 
resulted  in  the  development  of  blue  LEDs,  based  on 
GaN,  of  high  brightness  [1,2].  However,  the  fabrication 
of  high  quality  devices  still  demands  high  quality  GaN. 
Hydride  vapor-phase  epitaxy  (HVPE)  has,  therefore, 
attracted  great  interest,  for  it  allows  rapid  growth  of 
high-quality  thick  GaN  epilayers.  Recently,  we  devel¬ 
oped  flow  modulation  growth  (FMG)  techniques,  in 
order  to  improve  further,  the  crystalline  quality  of  GaN 
films  grown  by  HVPE  [3,4],  In  this  study,  the  structure 
of  the  FMG-GaN  films  is  investigated  using  transmis¬ 
sion  electron  microscopy  (TEM),  cathodoluminescence 
(CL),  optical  differential  interference  contrast  micro¬ 
scopy,  atomic  force  microscopy  (AFM),  and  X-ray 
diffraction  (XRD). 
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2.  Experimental  procedure 

The  flow  modulation  growth  is  carried  out  at  atmo¬ 
spheric  pressure  in  a  home-built  vertical  HVPE  system 
[5].  The  Ga  source  is  GaCl  in  situ,  formed  upstream  in 
the  reactor  by  reacting  the  HC1  gas  with  metallic  gallium 
at  900°C  and  the  N  source  is  from  NH3.  The  growth  of 
GaN  is  performed  at  1050°C  on  a  rotating  substrate 
holder.  More  details  of  the  growth  parameters  can  be 
found  elsewhere  [4,5].  During  growth,  we  periodically 
interrupt  either  NH3  or  HC1  flow  (flow  of  Ga  source) 
but  keep  other  parameters  constant  to  modulate  the 
GaN  growth  process  periodically.  When  NH3  flow  is 
modulated,  we  call  the  growth  process,  NH3  flow 
modulation  and  when  HC1  is  modulated,  it  is  called 
HC1  flow  modulation.  For  HC1  flow  modulation,  the 
interruption  of  HC1  flow  is  controlled  for  30  min  and  the 
growth  cycle  of  each  sublayer  is  carried  out  for  a  time  of 
5-30  min.  The  NH3  flow  modulation  is  realized  by 
switching  off  NH3  for  20  s  while  keeping  the  growth 
cycle  fixed  at  15  s.  All  samples  are  grown  on  sapphire. 
Fig.  1  shows  a  schematic  representation  of  the  FMG 
process. 
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Fig.  1.  The  schematic  representation  of  the  FMG  process. 

The  equipment  used  for  TEM  observations  is  a 
Philips  CM  200.  Low-temperature  CL  measurements 
were  performed  in  a  modified  scanning  electron  micro¬ 
scope.  A  specific  feature  is  the  compilation  of  CL 
images,  which  map  the  local  information  at  each 
sampling  point.  More  details  can  be  found  elsewhere 
[6,7].  The  surface  morphology  was  investigated  by 
optical  differential  interference  contrast  microscopy 
(ODICM)  and  AFM.  These  measurements  were  per¬ 
formed  on  a  Nikon  Eclipse  E600  system  for  ODIMC 
and  on  a  Rasterscope  4000  for  AFM.  Crystallographic 
properties  were  evaluated  by  (0002)  XRD  measure¬ 
ments  using  a  triple  axis  Siemens  D5000  diffractometer 
system  with  a  CuK,,  (/.  =  1.54  A)  radiation  source 
operated  at  45  kV  and  20  mA. 

3.  Results  and  discussion 

Fig.  2  shows  the  cross-sectional  structure  of  GaN 
layers  grown  via  FMG  of  HC1.  There  are  four  sublayers 
in  the  sample  after  three  times  of  HCl  interruptions.  An 
abrupt  reduction  of  structural  defects  can  be  found 
between  two  neighboring  sublayers.  Also,  the  defects  are 
observed  to  decrease  greatly  from  1010  ,2cm  2  in  the 
initial  layer  (a)  above  the  substrate  to  10s  cm  2  in  the 
upper  sublayer  (c)  of  the  sample.  A  top  view  taken  by 
CL  shows  that  the  pits  at  the  top  layer  (d)  are  about 
107  scm  2.  We  attribute  the  reduction  of  the  defects  to 
the  “interruption’'  of  the  threading  dislocation  due  to 
the  interruption  of  the  growth.  During  the  interruption, 
defects  such  as  dislocations  may  have  time  to  move  in 
the  sublayers  at  such  high  temperature.  Some  may  move 
to  the  edge  of  the  films  instead  of  threading  into  the 
subsequently  grown  sublayer.  In  addition,  strain  can 
relax  completely  for  the  interruption  in  an  annealing 
process.  Therefore,  the  abrupt  decrease  of  defects  can  be 
observed  and  a  top  layer  with  much  less  defects  can  be 
obtained.  A  cross-sectional  CL  wavelength  image  of  the 
FMG-GaN  sample  also  shows  that  the  homogeneity  in 
the  upper  layers  is  improved  [8].  This  can  also  be 
explained  by  the  interruption  of  threading  defects  and 
relaxation  of  strain.  The  improvements  of  both  reduc¬ 
tion  of  defects  and  homogeneity  can  also  be  observed  in 
GaN  layers  grown  via  NFL  flow  modulation  mode. 


- 1 

12  pm 


Fig.  2.  TEM  cross-sectional  views  of  GaN  grown  via  HCl  flow 
modulation  and  a  top  view  taken  by  CL:  (a)  is  the  initial  layer, 
(b)  the  second  sublayer,  (c)  the  third  sublayer  layer,  and  (d)  the 
top  layer. 


Fig.  3  shows  the  morphology  of  GaN  layers  taken  by 
ODICM.  There  is  a  high  density  of  cracks  at  the  surface 
of  GaN  grown  via  HCl  flow  modulation  while  the  GaN 
layers  grown  via  NH3  flow  modulation  exhibit  almost 
crack-free  surfaces.  More  microscopic  views  taken  by 
AFM  find  that  the  former  samples  have  large  values  of 
roughness  (~4nm)  while  the  latter  ones  have  smooth 
surfaces  at  atomic  level  (0.5-0.9nm).  Considering  the 
difference  between  the  two  FMG  processes,  we  explain 
the  different  morphologies  as  follows:  the  interruption  of 
HCl  flow  for  30  min  at  the  growth  temperature  exposes 
the  as-grown  GaN  to  the  corrosive  ambient.  This, 
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Fig.  3.  The  morphology  of  GaN  grown  via  HC1  flow  modula¬ 
tion  (a)  and  NH3  flow  modulation  (b). 


therefore,  results  in  heavy  etching  of  the  surface  of  as- 
grown  GaN  so  that  it  causes  poor  morphology  in  the 
subsequently  overgrown  layers  and  finally  in  the  top 
layer.  The  smooth  surface  of  GaN  layers  grown  via  NH3 
flow  modulation  is  due  to  the  Ga-rich  growth  condi¬ 
tions.  The  morphology  of  the  lateral  overgrown  GaN  is 
related  to  the  local  balance  of  III/V  ratio  in  the  gas 
phase  and  the  density  of  Ga  and  N  bonds  [9].  Since  the 
reduced  N  supply  can  greatly  enhance  the  diffusion  of 
Ga  adatoms  [10],  the  Ga  diffusion  on  the  as-grown  plane 
will  occur  more  easily.  As  a  result,  the  lateral  over¬ 
growth  will  be  greatly  enhanced  whereas  the  vertical 
growth  could  be  suppressed,  and  a  smooth  surface  is 
thus,  obtained. 

X-ray  rocking  curve  measurements  are  performed. 
The  full-width  at  half-maximum  (FWHM)  of  the  GaN 
(0002)  X-ray  rocking  curves  are  309arcsec  for  GaN 
grown  via  HC1  flow  modulation  and  335  arcsec  for 
the  sample  via  NH3  flow  modulation,  respectively.  As  a 
reference  sample,  GaN  grown  directly  on  sapphire 


without  any  flow  modulation  is  also  measured.  The 
FWHM  of  its  (0002)  rocking  curve  is  423  arcsec.  Since 
the  FWHM  is  a  measure  of  crystalline  quality,  it  could 
be  concluded  that  both  the  flow  modulations  cause 
improvements  of  the  crystalline  quality,  which  is  in 
agreement  with  the  above  results  taken  by  TEM  and 
CL. 


4.  Summary 

The  structure  of  GaN  layers  grown  by  HVPE  via 
HC1/NH3  FMG  is  investigated  with  TEM,  CL, 
ODICM,  AFM,  and  XRD.  It  was  found  that  defects 
decrease  greatly  from  101 0-12  cm-2  in  the  initial  layer 
above  substrate  to  107cm~2  in  the  top  layer.  Also, 
improved  homogeneity  is  found  in  the  upper  layers 
of  samples  grown  via  both  the  flow  modulations.  We 
attribute  the  improvement  of  crystalline  quality  to  the 
interruption  of  threading  dislocations  and  the  relaxation 
of  strain.  GaN  layers  grown  via  HC1  flow  modulation 
exhibit  rough  surfaces  while  the  layers  via  NH3  flow 
modulation  have  atomic  smooth  surface.  The  former  is 
due  to  strong  etching  and  the  latter  is  attributed  to 
enhanced  Ga  diffusion. 
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Abstract 

Epitaxial  AlYGai_.YN  layers  were  grown  by  RF-plasma  assisted  molecular  beam  epitaxy.  The  A1  mole  fraction  were 
derived  from  X-ray  diffraction  m/20  symmetric  reflections  as  x  =  0.1 1, 0.23,  and  0.29,  respectively.  During  the 
secondary  ion  mass  sputtering  analysis  we  found  an  interesting  feature,  expressed  as  preferential  sputtering  in  local 
areas.  A  detailed  atomic  force  microscope  study  revealed  that  this  preferential  sputtering  caused  a  long  tunnel 
penetrating  the  layer  down  to  the  sapphire  substrate,  and  consequently  gave  rise  to  the  abnormal  increase  of  the  O  and 
A1  content  in  the  SIMS  profile  of  the  grown  sample.  The  character  of  the  long  tunnel  formed  along  the  growth  direction 
and  the  estimated  density  of  the  tunnels  (2~3  x  106cm-2)  suggest  that  the  origin  of  the  preferential  sputtering  can  be 
the  nanopipes  centered  at  the  screw  dislocations.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  AlGaN/GaN;  MBE;  SIMS 


1.  Introduction 

Due  to  their  direct  wide  band  gap  spanning  from 
3.4  to  6.2  eV,  AlvGa1_xN  alloys  have  been  a  growing 
research  topic  towards  the  applications  in  optoelectronic 
devices  such  as  photodiodes,  light  emitting  and  laser 
diodes  in  the  visible  to  ultraviolet  wavelength  region. 
For  the  realization  of  such  devices  with  good  perfor¬ 
mance,  it  is  essential  to  grow  thick  AlAGai_.YN  layer 
with  a  high  AIN  mole  fraction  x  along  with  good 
crystalline  quality.  The  crystalline  quality  of  Al.vGai_xN 
layers  has  been  improved  significantly  by  growing 
them  on  high-temperature  grown  thick  GaN  layer.  In 
addition,  low  temperature  grown  interlayers  (ILs)  in 
AlYGai_A-N  layer  have  been  found  to  decrease  the 
density  of  threading  dislocations,  resulting  in  consider¬ 
ably  improved  crystalline  quality  [1-6].  However,  with 
increased  AIN  mole  fraction,  the  layer  suffers  the 
increasing  in-plane  tensile  strain  between  the  layer  and 
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substrates  and/or  buffer  layers,  which  increases  the 
dislocation  density  and  could  ultimately  cause  cracks  to 
spread  through  the  layer.  To  overcome  these  problems  it 
is  indispensable  to  develop  optimized  buffer  layer 
structures,  which  can  mitigate  the  strain  in  AlvGai  YN 
layers. 

On  the  other  hand,  aluminum  is  known  to  react 
preferably  with  oxygen,  resulting  in  high  O  contamina¬ 
tion  in  Al.YGai„YN  alloys  [7,8].  The  incorporation  of  O 
in  AlYGai_.YN  should  be  carefully  kept  in  mind  due  to 
the  induced  deep  levels  (DA'-center)  in  the  band  gap  with 
increasing  A1  content  [9].  In  the  previous  report  [10], 
we  found  that  the  presence  of  a  small  amount  of  A1 
(0.03  —  1  %)  in  GaN  is  responsible  for  the  additional  O 
incorporation  in  the  layer.  However,  the  mechanism  of 
how  A1  facilitates  the  O  incorporation  in  the  layer  is  still 
unknown  and  need  to  be  studied  more  carefully. 

In  this  study,  we  fabricated  AlYGai_.vN  layers  with 
high  A1  content,  i.e.  above  10%.  To  obtain  the  concen¬ 
tration-depth  profile  of  A1  and  O  in  AlvGai_A-N  layers, 
we  carried  out  secondary  ion  mass  spectrometer  (SIMS) 
analysis  using  Cs+  ion  as  a  primary  beam.  Since  we,  in 
an  earlier  investigation,  found  a  quite  high  oxygen 
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concentration  in  the  Al.vGai_vN  layers  with  a 

new  set  of  samples  was  made  with  higher  A1  content  and 
also  with  changed  etching  procedures  for  the  substrate 
preparation.  This  new  series  of  samples  exhibited  much 
reduced  oxygen  concentrations  compared  to  the  pre¬ 
vious  samples.  Although  it  was  not  feasible  to  extend  the 
obtained  relationship  between  O  and  A1  at  the  lower  A1 
content  (<  1%)  to  higher  A1  mole  fraction  in  this  report, 
we  found  several  interesting  features  during  character¬ 
ization  of  the  grown  structures. 


2.  Experiments 

Epitaxial  Al.vGai_vN  layers  were  grown  on  (0001) 
sapphire  substrates  using  RF-plasma  assisted  molecular 
beam  epitaxy  (MBE)  technique.  The  substrates  were 
ultrasonically  degreased  in  trimethylethylene,  acetone 
and  methanol  for  5  min  in  each  step.  With  the  purpose 
to  remove  oxides,  the  substrates  were  etched  in  two 
steps,  HNO^iH^SOj  (1:1)  for  10  min,  and  then  HC1 : 
H202 :  H20  (5:3:3)  for  3 min.  Before  growth,  the 
substrates  were  outgassed  at  700  C  for  40  min  in  the 
growth  chamber.  Then  the  temperature  was  lowered  to 
600  "C  for  a  Ga-cleaning  process  to  remove  surface 
contaminants  such  as  O-  and  C-compounds  [11].  The 
process  was  repeated  three  times  by  evaporating  the 
deposited  Ga  metals  at  elevated  temperatures  ( ~750~C). 
Subsequently,  nitridation  was  carried  out  at  700X  for 
40min,  and  followed  by  the  growth  of  thin  (~10nm) 
AIN  buffer  layer  at  650  C.  To  improve  the  crystalline 
quality,  a  thick  GaN  layer  (0.6  pm)  was  grown  at  760X 
before  the  growth  of  AlvGai_vN  layer.  Finally  0.6  pm 
thick  AlvGaj„.YN  layers  with  different  A1  mole  fraction 
were  grown  at  the  substrate  temperature  of  760°C.  The 
RF-plasma  power  and  N2  gas  flow  rate  were  kept  at 
500 W  and  2.3  seem,  respectively,  during  the  growth  of 
GaN  and  AlvGaj_AN  layers. 

To  investigate  the  crystalline  quality  and  derive  A1 
mole  fraction,  X-ray  diffraction  (XRD)  measurements 
were  performed  in  a  multi-crystal  high  resolution  Philips 
Extended  X-pert  Material  Research  Diffractometer.  To 
improve  the  resolution  we  used  an  analyzer  crystal  for 
all  the  measurements  presented  in  this  study.  An  atomic 
force  microscopy  (AFM)  (Dimension  3000,  Digital 
instruments)  was  also  used  for  surface  characterization 
of  the  grown  samples. 

In  order  to  determine  the  distribution  and  concentra¬ 
tion  of  oxygen  impurities  and  aluminum  in  the  layer,  a 
Cameca  IMS-6F  SIMS  instrument  operating  at  a  pre¬ 
ssure  of  1  x  10  9  mbar  was  used.  In  order  to  analyze  the 
O  concentration,  we  selected  a  Cs 4  primary  beam, 
which  was  focused  to  a  25  pm  diameter  with  an  impact 
energy  of  14.5  keV  and  a  current  of  80  nA.  The  primary 
beam  was  rastered  over  an  area  of  250  x  250  pm2  and 
the  secondary  negative  ions  (O  ,  Al,  GaN  ",  etc.)  were 


collected  from  the  central  area  (approximately  50  pm  in 
diameter)  to  avoid  the  effect  from  crater  edges.  The 
details  for  a  standard  sample  of  O  implantation  used  for 
quantification  were  described  elsewhere  [10]. 


3.  Results  and  discussion 

Fig.  1  displays  the  XRD  co/20  symmetric  (00.2) 
reflections  for  the  three  heterostructures  of 
Al.vGai_ ,vN/GaN  grown  at  different  Al-source  tempera¬ 
tures  while  keeping  the  same  Ga/N  flux  ratio.  Using  an 
analyzer  crystal  instead  of  a  single  slit,  we  could  observe 
a  well-separated  Al.vGaj_AN  alloy  peak  from  that  of 
GaN  as  represented  in  the  figure.  In  the  assumption  that 
the  0.6  pm  thick  AlvGai_vN  layers  grown  on  GaN  are 
fully  relaxed  and  that  the  Vegard’s  law  is  valid,  the  A1 
mole  fraction  was  derived  from  the  symmetric  reflections 
as  11%,  23%,  and  29%,  respectively.  It  is  clear  that  the 
diffraction  peak  from  alloy  is  shifted  towards  higher 
angle  with  increasing  A1  content,  denoting  a  decrease  in 
lattice  constant  c.  It  should  be  noted  that  the  A1  mole 
fraction  of  the  sample  with  the  highest  concentration, 
# 924,  was  determined  by  an  average  from  the  two  alloy 
peaks  as  can  be  clearly  seen  in  the  Fig.  1. 

A  possible  origin  for  the  splitting  of  the  alloy  peak 
(#924)  can  be  explained  as  a  phase  separation  into  two 
different  compositions  of  AlvGai_AN  layer,  as  also 
observed  by  Gorgens  et  al.  for  InGaN  alloys  [12].  They 
found  two  wurtzite  phases  of  different  indium  composi¬ 
tion  in  the  layer.  One  was  a  pseudomorphically  grown 
part  with  In  mole  fraction  of  17%,  the  other  a  fully 
relaxed  part  with  a  higher  In  concentration  of  28%. 
However,  they  could  only  observe  the  separation  in 
asymmetric  reflections  because  both  phases  had  the 
same  lattice  constant  c  within  the  given  resolution.  In 


Fig.  1.  HRXRD  o)/20  symmetric  (00.2)  reflections  for 
A1A-Gai  vN/GaN  heterolayers  with  different  Al  mole  fraction 
grown  on  (0001)  sapphire  substrates.  The  XRD  patterns  of 
#922  and  923  were  shifted  along  the  y-axis  for  clarity. 
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our  case,  although  we  observed  a  dear  separation  in 
symmetric  reflection,  it  is  not  possible  to  clarify  the 
strain  state,  i.e.,  whether  the  layer  is  fully,  or  partially 
relaxed,  or  if  it  is  pseudomorphically  grown,  etc.  In 
order  to  fully  understand  these  features,  it  will  be 
necessary  to  proceed  the  investigation  by  performing  the 
reciprocal  space  mapping  for  the  asymmetric  reflections. 

The  oxygen  impurity  concentrations  in  the 
Al.vGai  ,VN  layers  were  determined  from  SIMS  analysis 
and  compared  with  the  previous  results  obtained  for 
lower  A1  concentrations  (x<l%)  as  represented  in 
Fig.  2.  For  the  low  Al-content  we  determined  the 
empirical  relation  between  the  A1  and  O  impurity 
concentrations  as  C10/Cq  —  3.8x(CAj/CA1')0'27.  In  the 
formula,  C{0  (cm-3)  and  CA i  (%)  represent  total  O 
concentration  and  A1  mole  fraction,  respectively,  and 
the  constants  were  given  as  Co~10!9cm-3  and  CA1'~ 
1%.  As  described  in  the  previous  report  [10],  we  expect 
this  empirical  relationship  can  be  used  for  the  future 
work  to  elucidate  the  role  of  A1  in  the  additional 
incorporation  of  O  in  the  layer.  On  the  other  hand,  the 
new  set  of  samples  with  higher  A1  content  exhibited 
much  reduced  oxygen  concentrations  compared  to  the 
previous  samples.  This  reduced  O  level  could  arise  from 
the  changed  etching  procedures  used  for  the  substrate 
preparation.  However,  a  further  investigation  will  be 
needed  before  we  discuss  the  effect  of  this  chemical 
etching  process  here. 

During  the  SIMS  analysis  we  found  an  interesting 
feature,  which  we  express  as  preferential  sputtering  in 
local  areas .  Fig.  3  shows  a  typical  SIMS  depth  profile 
of  the  AlAGai_.vN/GaN  heterostructure  of  the  sample 
#923.  As  seen  in  the  figure,  O  and  A1  concentrations 
exhibited  abnormal  increase  from  the  middle  of  the 
Al.vGai_,vN  layer  for  oxygen  and  from  the  interface  of 


Al-content  x  (%) 

Fig.  2.  Oxygen  impurity  concentration  as  a  function  of  A1  mole 
fraction  in  a  logarithmic  scale,  determined  from  SIMS  analysis. 
Samples  with  low  A1  content  (^1%)  are  represented  with 
closed  circles,  and  high  A1  content  10%)  with  squares.  For 
details  of  the  fitting  (dashed  line)  at  low  A1  content  the  reader  is 
referred  to  Ref.  [10]. 


AlYGai_AN/GaN  for  aluminum,  respectively.  A  similar 
feature  was  observed  for  all  three  samples  investigated  in 
this  work.  After  the  examination  of  the  surface  inside 
the  crater  using  optical  microscopy  and  AFM,  the  origin 
of  the  sudden  increase  of  the  signal  was  found  to  be  due 
to  a  preferential  sputtering  in  local  areas,  which  gave  rise 
to  a  long  ‘tunnel’  reaching  the  sapphire  (A1203) 
substrate  already  in  the  middle  of  the  SIMS  sputtering 
process.  Thus,  these  ‘tunnels’  are  considered  to  be 
responsible  for  the  observed  abnormal  increase  of  O  and 
A1  levels  in  the  profile  as  given  in  Fig.  3.  It  also  should 
be  noted  that  due  to  the  high  A1  content  in  AlYGai_.vN 
layer,  the  effect  on  A1  concentration  from  the  holes 
penetrating  the  layer  are  invisible  in  the  Al.vGai_.YN 
layer,  while  the  O  level  already  started  to  increase.  An 
AFM  image  for  one  (#924)  of  the  samples  is  given  in 
Fig.  4,  which  clearly  demonstrates  holes  of  micron  size 
threading  the  layer.  The  image  was  scanned  on  the 
surface  where  the  ion  sputtering  was  stopped  in  the 
middle  of  the  GaN  layer.  A  more-detailed  study  shows 
that  the  density  of  holes  was  slightly  higher  at  the 
substrate  surface  (3  x  106cm-2)  compared  to  the  middle 
of  AlYGai_.YN  layer  (2.1  x  106cm-2).  The  hole-size  was 
found  to  grow  gradually  as  the  ion  sputtering  proceeded 
towards  the  substrate.  The  diameter  of  the  holes  was 
estimated  to  be  in  the  range  0.5  ~  0.8  pm  in  the  middle  of 
AlYGai_YN  layer,  but  with  a  larger  size  variation  at  the 
near  substrate  interface  ranging  0.5-3  pm. 


Fig.  3.  Typical  SIMS  depth  profile  for  the  Al.vGai_.vN/GaN 
(0.6/0.6  pm)  grown  by  the  MBE  technique. 
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Fig.  4.  AFM  images  of  the  surface  after  the  SIMS  sputtering 
was  stopped  in  the  middle  of  the  GaN  layer  (#924).  The  image 
area  is  10  x  10  pm2. 


The  GaN  and  related  alloys  grown  on  sapphire 
substrates  typically  exhibit  dislocation  densities  of 
I0y~  10iOcm  '2,  due  to  the  large  difference  in  lattice 
parameters  and  thermal  expansion  coefficient.  While 
most  of  these  dislocations  are  of  pure  edge  type,  some 
groups  observed  another  type  of  defect,  referred  to  as 
nanopipes  or  micropipes  found  at  the  cores  of  screw 
dislocations.  Qian  et  al.  [13-15]  found  tunnel-like 
defects,  termed  as  open-core  screw  dislocations,  aligned 
along  the  growth  direction  (e-axis)  of  the  crystal  and 
penetrating  the  entire  GaN  epilayer  [14].  Their  micro¬ 
scopic  observations  revealed  the  density  of  such 
nanopipes  to  105-107cm“2.  If  the  origin  of  the 
preferential  sputtering  occurred  during  the  SIMS 
analysis  is  associated  with  these  nanopipes  centered  at 
the  screu?  dislocations,  the  estimated  hole-density 
106cm“2)  in  this  study  is  in  a  good  agreement  with 
their  observations.  In  addition,  the  character  of  open- 
holes  of  nanopipes  renders  larger  area  exposed  to  the 
primary  ion  beams  during  the  SIMS  analysis.  Therefore, 
the  holes  can  be  etched  faster  than  other  areas  which 
explains  the  micron  size  of  holes  observed  in  our 
samples. 

4.  Conclusions 

We  have  grow-n  AlvGai_  vN/GaN  heterostructures  on 
sapphire  (0001)  substrates  using  the  RF-plasma 
assisted  MBE  technique.  The  Al  mole  fraction  was 
determined  from  HRXRD  co/20  symmetric  reflections 
under  the  assumption  that  the  alloy  layer  was  fully 
relaxed  and  that  the  Vegard’s  law  is  valid.  We  found  a 
splitting  in  the  diffraction  peak  from  AlvGai_vN  layer 


with  the  highest  Al  content  (.v  =  0.29),  which  can  be 
ascribed  to  the  phase  separation  into  two  different 
compositions,  mostly  with  different  Al  contents. 

The  SIMS  analysis  revealed  that  after  the  change  of 
the  chemical  etching  process  for  the  substrate  prepara¬ 
tion  the  oxygen  impurity  level  was  reduced  compared  to 
the  previous  samples.  However  a  detailed  investigation 
has  yet  to  be  performed  to  clarify  the  effect  of  the 
changed  chemical  etching  process. 

We  found  an  interesting  feature,  expressed  as 
‘preferential  sputtering  in  local  areas’,  during  the  SIMS 
analysis.  The  AFM  investigation  along  with  the  optical 
microscope  revealed  that  this  preferential  sputtering 
caused  a  long  ‘tunnel’  (from  submicron  to  several 
micron  in  diameter)  penetrating  the  layer  down  to  the 
substrate,  which  consequently  gave  rise  to  the  abnormal 
increase  of  O  and  Al  content  in  SIMS  profile  for 
the  grown  layers.  The  character  of  the  long  tunnel 
formed  along  the  growth  direction  and  the  observed 
similar  density  of  the  tunnels  (2  ~  3  x  106cm~2)  suggest 
that  the  origin  of  the  preferential  sputtering  or  of  the 
tunnels  can  be  the  nanopipes  centered  at  the  screw 
dislocations. 
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Abstract 

We  studied  strained  &  lattice  matched  InGaAsN,  InGaAs,  and  GaAsN  layers,  grown  on  GaAs  substrate  with  gas 
source  molecular  beam  epitaxy.  Nitrogen  concentration  and  lattice-matched  condition  have  been  established  from 
Vegard’s  law  with  X-ray  diffraction.  Atomic  force  microscope  measurement,  at  22-monolayer  thickness,  shows  different 
growth  mechanism  for  each  composition.  Especially,  a  mesh-like  surface  morphology  of  lattice  matched  InGaAsN  has 
been  revealed  in  this  study.  C-  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  InGaAsN;  GS-MBE;  AFM;  Laser  diode 


1.  Introduction 

Since  the  first  proposal  by  Kondow  et  al.,  [1],  GaAsN 
and  InGaAsN  layers  on  GaAs  substrate  have  attracted  a 
lot  of  research  interest  due  to  its  application  for  the  long 
wave  laser  diode  with  an  excellent  high  temperature 
performance.  Shan  et  al.  [2],  explained  the  reduction  of 
band-gap  of  GaAsN  alloys  with  the  strong  perturbation 
of  N  atoms  to  the  conduction  band,  which  causes  the 
splitting  of  the  conduction  band  into  two  sub-bands. 
Laser  diode  operation  at  1.3  pm  wavelength  for  the 
optical  fiber  communication,  has  been  demonstrated  by 
several  groups,  including  Kondow  et  al.  [1,3],  Steinle 
et  al.  [4],  Livshits  et  al.  [5]  and  Mars  et  al.  [6].  Especially, 
Kitatani,  Kondow  et  al.  [7]  fabricated  1.3  pm  GalnNAs/ 
GaAs  single  quantum  well  laser  diode  with  a  high 
characteristic  temperature  over  200  K.  There  have  been 
only  a  few  studies  about  the  growth  mode  and  the 
surface  morphology  of  (In)GaAsN  alloys.  R.M.  Feen- 
stra  et  al.  studied  the  local  electric  properties  of  GaAsN 
alloy  with  scanning  tunneling  microscope  (STM)  on  the 
planar  surface  [8]  and  in  cross-section  [9].  Auvray  et  al. 
studied  the  growth  mode  of  GaAsN  on  a  2  miscut 
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GaAs  surface  with  different  nitrogen  concentration, 
using  atomic  force  microscope  (AFM)  [10].  They  found 
that  the  growth  mode  of  GaAsN  layer  on  vicinal  GaAs 
substrate  changes  from  a  bunched  step/terrace  structure 
to  indistinct  2D-nucleation  structure  when  increasing 
the  N  content. 

In  our  study,  we  tried  to  compare  the  growth 
mode  differences  of  important  layers,  GaAso.%No.02^ 
Iiio  4Gao/,As,  and  Inoo^GaogjAsoy^No^^  layers  on 
GaAs,  which  are  used  for  1.3  pm  laser  diode  applica¬ 
tions,  with  AFM  and  high  resolution  X-ray  diffraction 
(HRXRD). 


2.  Experimental  procedure 

Gas  source  molecular  beam  epitaxy  (GS-MBE)  with 
DC  nitrogen  plasma  source  has  been  used  to  grow 
nitrogen-containing  layers  [11,12].  Since  the  kinetic 
energy  of  nitrogen  plasma  of  our  DC  plasma  source  is 
determined  by  the  gas-flow  itself,  it  causes  very  low 
plasma  damage  to  GaAs  surface.  A  solid  arsenic  source 
(As4)  was  used  to  give  a  beam  equivalent  pressure  (BEP) 
of  2  x  10  •''Torr.  The  Ga  vs.  As  BEP  ratio  was  set  to 
1 : 20.  Si  doped  n-GaAs  substrates  were  used  and  the 
temperature  of  the  substrates  were  monitored  with 
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diffuse  reflective  spectroscopy  (DRS),  whose  long-term 
measurement  error  is  +1°.  All  of  the  GaAs  substrates 
were  outgassed  at  200°C  and  oxide  removal  was 
performed  at  570°C  in  the  MBE  chamber.  After  the 
oxide  removal,  a  rather  spotty  RHEED  pattern  was 
observed.  A  GaAs  buffer  layer  of  200  nm-thickness  was 
grown  to  achieve  a  higher-quality  starting  plane  with 
a  very  sharp,  clear,  streaky  (2  x  4)  RHEED  pattern. 
After  the  growth  of  the  GaAs  buffer  layer,  the  substrate 
was  cooled  down  to  500°C  to  incorporate  indium,  since 
the  In  As  desorption  temperature  is  around  515°C.  After 
all  the  buffer  layers  were  prepared  with  the  same 
condition,  22  mono-layers  of  a  bare  GaAs,  Ino.4Gao.6As, 
GaAso.9sNo.o2,  or  Ino.06Gao.94Aso.9sNo.02  were  grown 
with  specific  control  parameters,  respectively.  The 
growth  rate  of  0.75  pm/h  was  used.  Capping  layers  were 
not  grown  in  order  to  reveal  the  top  surface  for  AFM 
studies.  Direct  after  the  growth  of  the  thin  layers,  the 
substrate  was  cooled  down  for  10  min.  in  As  over¬ 
pressure  and  then  transferred  to  the  atmosphere  for 
AFM  measurement.  Park  Scientific  Instruments  AutoP- 
robe  VP  system  was  used  for  AFM  studies.  Since  AFM 
measurements  were  directly  performed  within  10  min. 
after  the  growth,  the  effect  of  gallium-oxide  formation 
was  minimized.  As  a  reference,  the  bare  GaAs  surface 
did  not  show  any  effect  from  the  oxide  in  AFM  images. 
10  pm  x  10  pm,  4  pm  x  4  pm,  and  2  pm  x  2  pm  scan  area 


were  used  for  AFM  studies.  We  will  write  10  pm  x  10  pm 
area  scan  as  10  pm  scan  for  convenience. 

To  incorporate  the  right  amount  of  indium  and 
nitrogen,  0.5  pm  thick  layers  were  grown  on  GaAs  to 
fabricate  fully  relaxed  layers  for  symmetric  (0  0  4)  X-ray 
diffraction  scan.  Nitrogen  concentration  and  lattice- 
matched  condition  were  obtained  from  these  prelimin¬ 
ary  experiments  (Fig.  1(a)). 

The  symmetric  (0  0  4)  scan,  and  asymmetric  (2  2  4)  and 
(113)  normal  scans  did  not  show  any  peak  from  the  thin 
22-monolayer-thick  epi-layer.  However,  (113)  0  +  , 
(2  2  4)  Q  +  normal  scans  with  the  detector  at  a  glancing 
angle  of  1.6°  and  6.6°  from  the  surface,  have  very  strong 
sensitivities  for  the  surface  layers  and  they  show  clear 
epi-layer  peaks  (Fig.  1(b)  and  (c)). 


3.  Results  and  discussion 

Fig.  1(a)  shows  the  (004)  symmetric  diffraction  peak 
of  a  0.5  pm  thick  InGaAsN  layer  with  1.5%  nitrogen 
concentration  on  a  GaAs  substrate.  1.25  seem  of  nitro¬ 
gen  flow  and  20  mA  of  plasma  current  were  applied  and 
the  indium  source  temperature  was  controlled  between 
715°C  and  735°C.  The  FWHM  of  the  substrate  peak 
was  0.015°  and  that  of  lattice  matched  InGaAsN  was 
0.025°.  The  layer  with  the  least  lattice  mismatch  of 


(a)  (004)  Normal  scan  of 

0.5  pm  thick  In  GaAsN  on  GaAs 


2  Theta  (Degree) 


(b)  (1 1 3)  Q.+  peak  of  22  ML  GaAsN  with 

the  detector  at  a  glancing  angle  (1.627°). 


2  Theta  (Degree) 


(c)  (224)  +  peak  of  22ML  GaAs  with 

the  detect  or  at  a  glancing  angle  (6.610  ). 


Fig.  1.  High  resolution  X-ray  diffraction  scan. 
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-0.019%  has  a  critical  thickness  far  above  1  pm 
according  to  the  Matthews-Blakeslec  model.  After 
lattice  matched  conditions  were  established  with  the 
different  nitrogen  concentration,  these  conditions  were 
applied  to  the  growth  of  the  thin  layer  of  22-monolayer 
thickness.  Assuming  the  coherently  grown  layer  model, 
in-plane  and  out-of-plane  lattice  constants  were  ob¬ 
tained  from  (1  1  3)  Q  +  ,  (224)  0  + scans  (Fig.  1(b)  and 
(c)).  An  iterative  method  was  used  to  include  plane  tilt 
angle  At.  Nitrogen  concentration  was  obtained  from 
Vegard’s  law. 

AFM  measurements  of  10,  4,  and  2  pm  scans,  show 
various  growth  modes  (Fig.  2).  AFM  images  of  bare 
GaAs  show'  a  couple  of  bunched  steps  and  its  root- 
mean-square  (RMS)  roughness  of  4pm  scan  was  5.3  A. 
The  measured  step  height  was  less  than  15  A.  The 
contrast  is  maximized  to  reveal  detailed  structures. 
Oxidation  of  GaAs  is  not  observed.  The  white  area 
with  higher  height  at  the  left  and  right  edges  of  the 
10  pm  image  is  the  effect  of  the  AFM  tube  scanner 
curvature  correction.  This  effect  is  not  observed  in  other 
images  of  smaller  scan  area. 

Ino^Gao^As  show's  the  self-organized  circular  island 
growth  mode,  w'hich  is  typically  used  as  quantum  dots. 


The  RMS  roughness  of  the  4  pm  scan  is  80  A.  The 
average  island  size  is  75  nm  and  the  average  island  height 
is  130  A.  However,  some  of  the  islands  wrere  higher  than 
200  A,  exceeding  the  intended  layer  thickness.  The 
general  island  shape  is  like  an  isolated  circular  hemi¬ 
sphere. 

GaAsN  with  2%  of  nitrogen  show's  pm-size  strained 
hills  and  small-island-growth  on  top  of  the  hills  (Fig.  2. 
10  and  4  pm  images).  We  believe  the  modulated  hill 
structure  corresponds  to  the  bunched  step-terrace 
structures  on  2  miscut  GaAs  substrate,  which  is 
observed  by  Auvray  et  al.  [10].  The  size  of  the  modulated 
hill  structure  is  of  the  order  of  a  few  pm  in  lateral 
direction  and  50  A  in  height.  The  RMS  roughness  of  the 
4  pm  scan  was  21  A.  Theo  existence  of  small  islands  with 
an  average  height  of  20  A  on  the  hills  indicates  that  the 
growth  mode  may  change  from  the  layer-by-layer  to  the 
island  growth.  The  black  holes  in  the  10  pm  AFM  image 
were  confirmed  to  be  AFM  tip  indents  formed  in  the 
initial  approach.  GaAsN  is  under  tensile  stress  on  a 
GaAs  substrate  and  becomes  softer  than  other  layers. 
We  confirmed  that  the  AFM  tip  in  the  initial  approach 
could  generate  crack-like  indents  on  a  GaAsN  layer  in 
different  areas. 


5.3  A  80A  21 A 

KM  S  Roughness  at  4  pm  Scan 

Fig.  2.  AFM  images  of  epi-layers  (22  monolayer  thickness)  on  GaAs. 


1 5  A 


Y.  Park  et  al.  j  Physica  B  308-310  (2001)  98-101 


101 


The  most  interesting  AFM  data  were  obtained  from 
the  lattice  matched  In0.06Ga0.94As0.98N0.02  layer  grown 
at  0.75  pm/h  growth  rate.  10  and  4  jam  scans  show  flat 
mesh-like  networked  structures.  The  RMS  roughness  of 
4  gm  scan  is  15  A.  This  small  number  indicates  the 
lattice-matched  surface  is  flatter  than  other  lattice 
mismatched  layers  even  though  there  are  a  lot  of  meshed 
structures  inside.  However  the  growth  mode  is  not  a 
layer-by-layer  growth.  The  measured  average  height  of 
the  mesh  was  25  A.  We  propose  the  following  possibi¬ 
lities.  (1)  Local  islands  are  formed  first  and  these  islands 
are  connected  together  to  create  meshed  structures. 
Since  the  surface  adatom  diffusion  length  determines 
the  morphology,  this  indicates  that  the  diffusion  length 
of  InGaAsN  is  smaller  than  that  of  GaAs  or  GaAsN.  (2) 
Composition  variation  occurred  during  the  growth 
and/or  spinodal-decomposition-like  composition- 
modulation-mechanism  generated  the  meshed  structure 
during  the  growth  and  cooling  down  process  lasting 
10  min.  If  this  is  a  result  of  voluntary  evolution  into  a 
composition  modulation,  such  a  meshed  structure  could 
be  understood  by  a  total  energy  argument.  By  adopting 
a  large  indium  atom  in  the  tensile  convexed  hill  top 
region  of  the  meshed  structure  and  smaller  nitrogen 
atom  in  the  compressive  concave  bottom  of  the  valley, 
the  total  strain  energy  of  the  epi-layer  could  be  reduced. 
In  this  case,  a  faster  growth  rate  and  the  reduction  of  the 
growth  interruption  should  remove  the  meshed  structure 
and  bring  back  the  layer-by-layer  growth. 

On  the  other  hand,  such  a  meshed  structure  can  be 
utilized  to  confine  carriers  into  small  regions  like 
quantum  dots,  so  that  we  may  raise  the  characteristic 
temperature  of  laser  diodes  even  higher  for  a  better 
performance  at  the  high  temperature.  As  a  reference, 
Mars  et  al.  [6]  found  the  faster  growth  rate  above  2  pm/h 
gives  better  crystal  quality  of  thick  InGaAsN  layers. 

In  summary,  we  studied  the  growth  modes  of  thin 
epi-layers  of  GaAs,  In0.4Ga0.6As,  GaAso.9sNo.02>  and 
In0.06Gao.94As0.9sN0.02.  which  were  grown  on  GaAs 


substrates.  Layer  by  layer  growth  of  GaAs,  circular 
island  growth  of  InGaAs,  modulated  hill  and  small 
island  formation  of  GaAsN,  and  the  meshed  network 
formation  of  InGaAsN  were  observed  with  AFM. 
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Abstract 


The  in-plane  and  in-depth  characteristics  of  the  GaN  and  InGaN  epilayers  grown  by  the  metalorganic  chemical 
vapour  deposition  (MOCVD)  on  three  different  substrates  (sapphire.  SiC  and  bulk  GaN)  are  evaluated.  Relatively  large 
intensity  fluctuations  of  “edge”  GaN  and  InGaN  emissions  are  observed  and  are  related  to  the  details  of  the  micro¬ 
structure  of  the  GaN  and  InGaN  films  studied.  The  experiments  indicate  a  nonuniform  defect  distribution  in  all  types 
of  the  MOCVD  films  studied.  In  particular,  the  decoration  of  structural  defects  with  impurities,  an  increased  defect 
accumulation  at  the  interfaces  and  a  surprisingly  small  influence  of  the  micro-structure  on  the  in-plane  homogeneity  of 
the  yellow  band  cathodoluminescence  emission  are  observed.  (v>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.F;  78.60.H;  73.20.H 

Keywords:  GaN:  InGaN;  Defects:  Defect  distribution 


1.  Introduction 

The  range  of  GaN-based  optoelectronic  devices 
emitting  amber-violet  light  was  commercialised.  Despite 
wide  range  applications,  their  operation  is  not  under¬ 
stood  yet.  Relatively  high  efficiency  of  light  emission  is 
observed  for  heavily  defected  structures,  with  disloca¬ 
tion  densities  typically  in  the  range  of  10s  cm  2.  A 
surprisingly  low  efficiency  of  nonradiative  recombina¬ 
tion  at  the  dislocations  is  related  to  the  strong 
localisation  effects  present  in  the  InGaN-based  light 
emitting  devices  [1].  Strong  localisation  effects  are 
commonly  related  to  either  details  of  the  micro-structure 
of  the  GaN,  InGaN  and  AlGaN  layers  [2],  or  to  the  In 
fraction  fluctuations  in  the  InGaN  [1].  Our  recent 
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experimental  results  indicate  that  strong  compensation 
effects  are  also  present  in  the  GaN  samples,  which 
results  in  the  appearance  of  strong  local  electric  fields 
and  thus  can  also  contribute  to  the  localisation  effects 
observed  in  the  samples  studied  [3,4].  The  role  of  the 
latter  effect  is  evaluated  in  the  present  study. 


2.  Experimental 

The  (000  l)-oriented  n-type  GaN  films  were  grown  by 
metalorganic  chemical  vapour  deposition  (MOCVD)  on 
three  different  substrates  -sapphire,  SiC  and  bulk  GaN. 
The  latter  layers  are  called  the  homoepitaxial  films.  Two 
InGaN  (3%  of  In)-on-GaN  on  sapphire  samples,  also 
grown  by  the  MOCVD,  were  studied  for  comparison. 

The  photoluminescence  (PL)  experiments  were  per¬ 
formed  at  2  K.  The  351  nm  UV  line  of  an  Ar+  laser  was 
used  for  the  PL  excitation.  The  micro-PL  spectra  were 
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measured  in  a  Renishaw  micro-Raman  system  with  a 
resolution  of  1.6meV  using  a  polarised  325  nm  excita¬ 
tion  at  an  excitation  power  density  of  120kW/cm2.  The 
PL  emission  spectra  at  single  locations  and  emission 
maps,  that  is  spatial  distributions  of  emission  from  the 
sample,  were  taken  at  a  spatial  resolution  typically  of  the 
order  of  2  x  2  pm  and  were  measured  at  room  tempera¬ 
ture. 

The  cathodoluminescence  (CL)  and  scanning  electron 
microscopy  (SEM)  measurements  were  performed  at  4  K 
on  LEO  1550  computer  controlled  field  emission 
scanning  electron  microscope,  equipped  with  monoCL2 
set-up  for  the  CL  studies  of  Oxford  Instruments  and 
helium  temperature  gas  flow  stage.  In  addition  to  a 
conventional  CL,  spot-mode  CL,  scanning  CL  and 
depth-profiling  CL  measurements  were  also  performed. 
The  latter  experiment  was  carried  out  to  estimate  in- 
depth  characteristics  of  the  MOCVD  structures.  In  this 
experiment,  we  varied  an  accelerating  voltage,  thus 
varying  the  penetration  range  of  primary  electrons  [5]. 

3.  Results  and  discussion 

Four  PL  emission  bands  were  observed  in  all  the  GaN 
samples  studied;  showing  very  different  relative  inten¬ 
sities  and  also  different  spectral  widths.  These  are  the 
excitonic  edge  PL,  a  structured  shallow  donor-acceptor 
pair  (DAP)  PL  at  about  3.2  eV,  the  blue  band  DAP  PL 
at  about  3.0  eV  and  the  yellow  DAP  PL  at  2. 2-2.3  eV. 
The  origin  of  these  PL  bands  is  described  elsewhere  [6] 
and  will  not  be  discussed  here.  Only  for  the  homo- 
epitaxial  films,  a  well-resolved  edge  PL  was  observed. 
This  PL  was  dominated  by  the  recombination  of 
excitons  bound  at  neutral  donors  (DBE  PL)  at 
3.472eV  and  free  excitonic  (FEA)  PL  at  3.478 eY.  With 
increasing  temperature,  additional  FE  PL  at  3.484  eV 
(FEb  PL)  was  also  resolved. 

We  performed  detailed  micro-PL,  CL,  scanning  CL 
and  depth-profiling  CL  investigations  to  evaluate  in¬ 
plane  and  in-depth  characteristics  of  the  PL  emissions. 
In  Fig.  1,  we  show  depth-profiling  CL  spectra  observed 
for  the  GaN  films  grown  on  sapphire.  Similar  results 
were  obtained  for  all  the  samples  studied.  The  excitonic 
edge  PL  emission  is  not  observed  from  heavily  defected 
interface -close  regions  of  the  structures  and  also  is  fairly 
weak  when  excited  from  surface-close  regions  of  the 
films.  Three  defect-related  PL  emission  bands  also  show 
depth-dependent  properties.  Whereas,  the  yellow  DAP 
PL  and  the  shallow  DAP  PL  are  the  strongest  when 
excited  from  interface-close  regions  of  the  films,  the  blue 
DAP  PL  is  the  strongest  from  the  surface-close  regions 
of  the  samples. 

In  our  previous  scanning  CL  investigations,  we  have 
shown  the  direct  link  between  the  micro-structures  of  the 
GaN  epilayers  and  the  in-plane  fluctuations  of  the  edge 


Photon  Energy  (eV) 


Fig.  1.  The  in-depth  variations  of  the  CL  in  the  GaN/sapphire 
MOCVD-grown  structure,  measured  at  a  temperature  of  4  K  at 
different  accelerating  voltages. 


Fig.  2.  The  in-plane  variations  of  the  intensity  of  the  edge  CL 
emission  in  the  GaN/GaN  sample,  measured  at  4K,  lOkV 
accelerating  voltage  and  at  2000  x  magnification. 


PL  intensity  [7].  From  the  SEM  investigations,  we  could 
correlate  the  observed  changes  of  the  intensity  of  the 
excitonic  edge  PL  with  a  granular  micro-structure  of  the 
MOCVD  epilayers.  A  very  improved  micro-structure, 
observed  for  the  homoepitaxial  GaN  layers,  results  in 
different  in-plane  variation  of  the  PL.  Large  areas  of 
atomically  flat  surfaces  are  observed  in  the  SEM  study. 
These  areas  are  interrupted  by  growth  steps,  often  of  the 
monolayer  size.  We  found  relatively  few  micro-defects, 
such  as  dislocations  or  hexagonal  pits,  commonly 
observed  in  other  MOCVD-grown  samples  [8,9].  Fig.  2 
shows  a  decoration  of  these  steps  with  donor  impurities. 
We  observed  a  very  enhanced  DBE  PL  from  the  growth 
step  regions  of  the  layers,  shown  as  bright  regions  in 
Fig.  2.  A  relatively  weak  FE  PL  is  observed  from  these 
areas,  which  indicates  that  the  FE  excitons  can  diffuse  to 
the  growth  step  regions  and  be  trapped  there. 

Fig.  3  shows  another  type  of  defect-related  inhomo¬ 
geneity,  which  we  observed  in  homoepitaxial  films.  A 
very  enhanced  DBE  excitonic  PL  is  observed  from  the 
region  of  a  large  hexagonal  pit.  Also,  the  shallow  DAP 
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Fig.  3.  The  in-plane  fluctuations  of  the  DBE  PL  intensity  in  the 
GaN/GaN  sample,  measured  at  4  K.  lOkV  accelerating  voltage, 
at  40000  x  magnification  and  from  the  region  close  to  a  large 
hexagonal  pit. 


In  the  case  of  the  InGaN  epilayers.  the  main 
mechanism  of  the  PL  intensity  inhomogeneities  was 
related  to  variations  of  the  In  fraction  in  the  film  plane 
[1].  If  so,  we  should  observe  enhanced  variations  of  the 
intensity  of  the  edge  PL  and  also  of  the  other  PL 
emissions  and  corresponding  shifts  of  their  spectral 
positions.  Such  enhanced  PL  intensity  variations  are  not 
observed  in  the  InGaN  layers  with  small  In  fraction 
studied  by  us.  In  Fig.  4,  we  show  maps  of  the  PL 
intensity  changes  observed  in  the  micro-PL  study  with 
the  detection  set  at  the  excitonic  and  shallow  DAP  PL 
emissions.  The  data  indicate  that  there  is  anti-correla¬ 
tion  between  the  total  intensity  of  the  “edge"  excitonic 
PL  and  the  intensity  of  the  shallow  DAP  PL  emission. 
We  explain  such  anti-correlation  by  inhomogeneities  in 
defect  distribution. 

We  also  observed  that  the  yellow  PL  is  surprisingly  in¬ 
plane  homogeneous  in  the  GaN  layers.  In  the  case  of  the 
GaN  samples,  the  yellow  PL  is  coming  mostly  from  the 
regions  close  to  the  interface  with  substrates.  We 
observed  a  different  situation  in  the  InGaN-on-GaN 
samples.  The  depth-profiling  experiments  for  the  InGaN 
samples  indicate  that  this  PL  also  comes  from  the  upper 
layer  of  the  structure,  close  to  the  InGaN-to-GaN 
interface.  This  is  likely  due  to  the  fact  that  this  layer  is 
strained  and  thus  is  of  a  lower  structural  quality.  Such 
anti-correlation,  between  the  strength  of  the  yellow  PL 
and  the  sample  quality,  was  observed  by  us  in  several 
cases  [10]. 


4.  Conclusions 


Fig.  4.  The  micro-PL  maps  of  the  excitonic  edge  PL  (a)  and  the 
shallow  DAP  PL  (b)  observed  for  the  InGaN-on-GaN/sapphirc 
structure. 


The  present  studies  demonstrate  very  complicated  in- 
planc  and  in-depth  variations  of  the  defect-related  PL 
emissions.  These  variations  can  only  be  partly  explained 
by  the  micro-structure  of  the  samples.  They  also  relate 
to  large  inhomogeneities  in  the  defect  distribution.  Our 
studies  indicate  that  these  nonuniformities  in  doping  can 
also  result  in  enhanced  carrier/exciton  trapping/localisa¬ 
tion  and  can  explain  some  of  the  observed  in-plane  and 
in-depth  characteristics  of  the  PL  emissions. 
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PL  is  enhanced  (not  shown)  but  two  “deep"  DAP  PL 
emissions  are  weak.  The  enhanced  edge  PL  at  the 
hexagons  were  also  observed  for  the  HVPE-grown  GaN 
samples  and  explained  by  doping  nonuniformities  [9]. 
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Abstract 

By  using  scanning  electron  microscopy  and  cathodoluminescence  (CL),  a  decrease  in  radiative  efficiency  of  GaNP 
alloy  with  increasing  N  content  is  seen  due  to  the  formation  of  structural  defects.  The  defect  formation  is  attributed  to 
relaxation  of  tensile  strain  in  the  GaNP  layer,  which  is  lattice  mismatched  to  GaP  substrate.  Several  types  of  extended 
defects  including  dislocations,  microcracks  and  pits  are  revealed  in  partly  relaxed  GaNvPi  v  epilayers  with  1.9%, 
whereas  coherently  strained  layers  exhibit  high  crystalline  quality  for  a  up  to  4%.  According  to  the  CL  measurements, 
all  extended  defects  act  as  competing,  non-radiative  channels  leading  to  the  observed  strong  decrease  in  the  radiative 
efficiency.  From  CL  mapping  experiments,  non-uniformity  of  strain  distribution  around  the  extended  defects  is  partly 
responsible  for  the  broadening  of  the  photoluminescence  (PL)  spectra  recorded  in  the  macro-PL  experiments.  (C  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GANP;  Extended  defects;  Luminescence;  Strain 


1.  Introduction 

Incorporation  of  a  small  amount  of  N  in  GaP  is 
expected  to  cause  a  transition  from  an  indirect  band-gap 
in  GaP  to  a  direct  band-gap  in  GaNP  alloy  [1,2],  leading 
to  much  increased  efficiency  of  light  emission  desirable 
for  optoelectronic  applications.  Indeed,  an  increase  in 
photomodulation  signal  associated  with  absorption  edge 
of  the  alloy  [2]  and  an  enhancement  in  photolumines¬ 
cence  (PL)  intensity  [3]  has  been  reported  for  GaN  vPf  Y 
with  .y<  1.3%.  On  the  contrary,  a  further  increase  in  N 
content  causes  rapid  degradation  of  the  optical  quality 
evident  from  a  strong  PL  quenching  accompanied  by  a 
broadening  in  PL  line  width.  Even  though  the  exact 
mechanism  of  this  degradation  is  not  known  so  far,  the 
effect  has  been  naturally  attributed  to  the  formation  of 
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some  non-radiative  (NR)  defects  in  the  alloy  with  high 
N  content.  The  formation  of  NR  defect  can  be  partly 
caused  by  relaxation  of  tensile  strain  in  the  GaNP  layer, 
which  is  lattice  mismatched  to  GaP  substrate  [4].  In  this 
paper,  by  using  Raman  scattering  (RS),  scanning 
electron  microscopy  (SEM),  and  cathodoluminescence 
(CL)  measurements,  we  attempt  to  establish  a  link 
between  the  optical  quality  and  the  strain  relaxation  in 
the  GaNP  epilayers  and  GaNP/GaP  multiple  quantum 
wells  (MQW)  structures. 


2.  Samples  and  methods 

All  investigated  structures  were  grown  by  gas-source 
molecular-beam  epitaxy  (GS  MBE)  on  (100)  GaP 
substrates.  Both  thick  GaNP  epilayers  (with  a  thickness 
of  0.25-0.75  pm)  and  7-period  GaNP/GaP  (70/200  A) 
MQW  structures  were  studied.  N  composition  in  the 
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alloy  was  determined  from  a  simulation  of  a  high- 
resolution  X-ray  rocking  curve  (XRC)  data.  The  PL  was 
excited  by  the  514  nm  line  of  an  Ar+  ion  laser.  The 
resulting  PL  emissions  were  dispersed  using  a  double¬ 
grating  monochromator  and  detected  by  a  photomulti¬ 
plier  tube.  The  Raman  scattering  spectra  were  obtained 
in  the  backscattering  geometry  using  the  325  nm  line  of  a 
He-Cd  laser  in  a  Renishow  micro-Raman  system.  A 
Gemini  Leo  microscope  equipped  with  a  MONOCL 
Oxford  Instrument  attachment  was  used  for  SEM  and 
CL  measurements.  The  CL  spectra  and  images  were 
taken  at  7  K  with  an  accelerating  voltage  of  1 5  kV. 


3.  Experimental  results  and  discussion 

Fig.  1  shows  transformation  of  PL  spectra  as  a 
function  of  N  content  x  in  the  GaNA-P]_x  alloy.  A 
strong  red  shift  of  the  PL  emission  with  increasing  x, 
which  is  clearly  seen  in  both  GaNP  epilayers  and  GaNP/ 
GaP  MQW  structures,  represents  a  giant  bowing  effect 
in  the  alloy  band-gap  energy,  consistent  with  previous 
findings  [1-3].  In  addition,  a  severe  decrease  in  the  PL 
intensity  is  observed  for  the  GaNP  epilayers  with 
x>  1% — Fig.  lb.  Since  a  similar  increase  in  N  content 
does  not  affect  the  PL  intensity  in  the  coherently 
strained  MQW  structures  (Fig.  la),  this  effect  can  be 
attributed  to  strain  relaxation  in  the  thick  GaNP 
epilayers,  degrading  their  structural  quality. 

To  evaluate  the  biaxial  strain  in  the  thick  GaNP 
epilayers,  RS  measurements  were  performed — see 
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Fig.  1.  PL  spectra  of  the  GaNP/GaP  MQW  structures  (a)  and 
GaNP  epilayers  (b)  as  a  function  of  nitrogen  content,  taken  at 
4K. 


Fig.  2a.  The  RS  peaks  related  to  the  GaP-like  long¬ 
itudinal-optical  (LO)  phonon  (labeled  as  LOi)  and  a 
weak  transverse-optic  (TO)  mode  (labeled  as  TOO 
dominate  the  35(M20  cm-1  spectral  range.  The  addition 
of  nitrogen  leads  to  the  emergence  of  a  new  RS  peak, 
L02,  at  around  500  cm-1.  The  L02  frequency  is  very 
close  to  that  of  the  local  mode  of  nitrogen  in  GaP  at 
488  cm-1  [5],  suggesting  that  it  represents  the  Ga-N 
bond  vibrations  in  the  GaP  matrix.  The  frequency  of  the 
LOi  mode  decreases  almost  linearly  with  a  slope  of 
«  —  1.1*  cm-1  for  x<1.5%  (Fig.  2b),  whereas  a  some¬ 
what  weaker  compositional  dependence  is  observed  for 
the  higher  nitrogen  compositions.  On  the  other  hand, 
the  L02  frequency  increases  at  a  much  higher  rate  of 
approximately  +2.6cm~1/*(°/°)* 

The  observed  shift  of  the  phonon  frequencies  can  be 
caused  by  the  alloying  and/or  residual  biaxial  strain  in 
the  GaNP.  Assuming  Vegards’  law,  the  strain-induced 
shift  in  the  phonon  frequency  can  be  estimated  using  the 
standard  method  given  in  Ref.  [6].  The  obtained  shift  of 
the  LOj  frequency  is  -1.1 3*  cm-1  and  is  shown  in 
Fig.  2b  by  the  dotted  line.  The  close  match  with  the  data 
shows  that  the  strain  is  the  dominant  cause  for  the 
observed  shift  of  the  phonon  frequencies.  The  weaker 
compositional  dependence  of  the  LO!  frequency  ob¬ 
served  for  x>1.5%  indicates  partial  relaxation  of  the 
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Fig.  2.  (a)  Room-temperature  RS  spectra  of  the  GaNP 
epilayers  with  the  lowest  (0.05%)  and  highest  (3.1%)  N 
compositions  studied.  The  spectra  are  normalized  to  the 
intensity  of  the  LOi  mode  and  shifted  in  the  vertical  direction, 
for  clarity,  (b)  Frequency  shift  of  the  GaP-like  (LOi)  phonon  as 
a  function  of  N  content.  The  estimated  shift  of  the  LO! 
frequency  due  to  the  biaxial  strain  in  the  GaNP  epilayer  is 
shown  by  the  dotted  line. 


Fig.  3.  Typical  plan-view  SEM  (a)  and  corresponding  panchro¬ 
matic  CL  (b)  images  measured  at  7  K  from  the  partially  relaxed 
GaNo.o.iPo.<)7  epilaver. 

residual  strain  in  the  epilayers.  also  confirmed  by  the 
XRC  measurements. 

Effect  of  strain  relaxation  on  the  structural  quality  of 
the  GaNP  alloy  can  be  determined  by  using  SEM  and 
CL  measurements.  The  pseudomorphic  GaNP  epilayers 
with  low  N  content  (<  1%)  and  strained  GaNvP,  J 
GaP  MQW  structures  with  x  up  to  4%  exhibit  superior 
crystalline  quality  with  very  low  density  of  extended 
defects.  On  the  other  hand,  several  types  of  structural 
defects  such  as  dislocations  and/or  microcracks  (Fig.  3a) 
are  observed  in  the  partially  relaxed  GaNvP,  v  epilayers 
with  a'^s  1.5%.  The  strain  relaxation  seems  to  be  rather 
inhomogeneous,  since  defect  density  varies  over  the 
sample  area.  Moreover,  formation  of  pits  rather  than 
misfit  dislocations  is  observed  within  certain  areas  of  the 
GaNP  epilayers  with  .v>3% Fig.  4a.  The  overall 
defect  density  strongly  increases  with  increasing  N 
composition. 

All  the  defects  appear  as  dark  areas  in  the  CL  images 
(Figs.  3b  and  4b),  indicating  that  the  surrounding 
regions  have  a  higher  concentration  of  NR  recombina¬ 
tion  centers.  Some  of  the  dislocations  and  pits  exhibit  a 
bright  halo  around  the  dark  image.  This  is  typical  for 
impurity  segregation  at  the  defect  core  leading  to  a  zone 
around  defect  with  a  reduced  concentration  of  the  NR 
centers  and.  thus,  bright  halo  in  the  CL  images.  The  CL 
spectra  measured  from  the  dark  area  around  the 


Fig.  4.  The  SEM  (a)  and  corresponding  panchromatic  CL  (b) 
images,  taken  at  7K.  showing  the  formation  of  pits  in  the 
partially  relaxed  GaN„„3P0,>7  epilaver. 


PHOTON  ENERGY  (eV) 


Fig.  5.  CL  spectra  measured  at  7K  from  defect-free  (solid 
lines)  and  dark  line  (dashed  lines)  areas  from  the  GaNP 
epilayers  with  N  composition  of  0.9%  and  3.1%. 


dislocation/microcrack  and  defect-free  area  are  shown 
in  Fig.  5  by  the  dashed  and  solid  lines,  respectively.  In 
addition  to  a  .severe  decrease  in  the  CL  intensity,  spectral 
position  of  the  CL  spectra,  measured  near  the  disloca¬ 
tion,  is  shifted  towards  higher  energies.  The  observed 
shift  indicates  higher  degree  of  strain  relaxation  around 
the  extended  defects.  Thus,  the  non-uniformity  in  the 
biaxial  strain  is  largely  responsible  for  the  severe 
broadening  of  the  macro-PL  spectra,  observed  in  the 
partially  relaxed  structures. 
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4.  Conclusions 

We  have  studied  the  effect  of  strain  relaxation  on  the 
optical  quality  of  the  GaNP  alloy.  By  using  the  SEM 
and  CL  measurements,  the  decrease  in  radiative 
efficiency  of  the  GaNP  alloy  with  increasing  N  content 
is  shown  to  be  related  to  the  formation  of  the  extended 
structural  defects.  The  defect  formation  is  a  result  of 
strain  relaxation  in  the  GaNP  layers,  which  are  lattice 
mismatched  to  GaP  substrate.  According  to  the  CL 
measurements,  all  extended  defects  act  as  competing, 
non-radiative  channels,  leading  to  the  strong  decrease  in 
the  radiative  efficiency.  From  the  CL  mapping  experi¬ 
ments,  the  non-uniformity  in  strain  distribution  around 
the  extended  defects  is  partly  responsible  for  the 
broadening  of  the  luminescence  spectra  recorded  in  the 
macro-PL  experiments. 
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Abstract 

The  measurements  of  one-dimensional  angular  correlation  of  the  annihilation  radiation  (1D-ACAR)  have  been 
carried  out  foi  AIN  and  GaN  as  well  as  for  some  related  materials  (Al,  Ga,  GaP,  GaAs,  GaSb)  which  have  been  used  as 
samples  of  references  the  analysis  of  results.  The  numeral  values  of  characteristic  length  of  radius  of  spherical  volume  to 
be  occupied  by  annihilating  electron  (/*')  have  differed  significantly  from  the  corresponding  values  (rs)  calculated  by  the 
conventional  independent-particle-model  (IPM)  for  ideal  Fermi-gas:  (AIN)~  1.28  rs,  where  rs  (AIN)-  1.61  a.u.,  and  /s 
(GaN)- 1.66  rs,  where  i\  (GaN)- 1.64 a. u.  The  electron-positron  “ion  radii”  reconstructed  by  the  high-momentum 
components  (HMC)  of  1D-ACAR  for  Al  ,  Ga*  cores  as  well  as  numeral  rj  values  provide  some  reasons  to  believe 
that  Ga-  and  Al-vacancies  and  their  impurity  complexes  are  effective  centers  of  the  positron  localization  in  AIN  and 
GaN;  it  is  assumed  that  these  complexes  include  VGil,  VAt,  and  N  atom  (VG;|  -  NG:i  in  GaN  and  VA,  -  NA1  in  AIN) 
where  the  nitrogen  atom  is  likely  to  be  in  the  configuration  of  substitution  (anti-site),  NG;l  and  NAI,  respectively.  t  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  this  work,  an  attempt  aimed  at  “probing”  the  point 
defects  has  been  undertaken  by  the  thermalized  posi¬ 
trons  for  AIN  and  GaN  nitrides.  Preliminary  experi¬ 
ments  have  shown  that  the  positron  is  partially  localized 
in  the  area  of  vacancy-type  point  defects  in  these 
materials  (roughly  estimated  concentration  of  the 
positron-sensitive  centers  has  been  over  the  range  from 
1017  to  10lscm  v).  The  annihilation  radiation  to  be 
emitted  out  of  the  sample  bears  the  information 
concerning  the  microstructure  of  defects:  in  our  experi¬ 
ments  the  annihilation  gamma-quanta  have  been  de¬ 
tected  by  the  measurements  of  the  angular  correlation. 
On  the  basis  of  the  data  obtained,  the  average  electron 
density  as  well  as  the  electron-positron  ‘ion  radius’ 
which  characterizes  the  ion  radius  of  cores  surrounding 
the  positron  have  been  estimated.  The  results  indicate 
the  presence  of  the  vacancy  complexes  consisting  of  VG;1, 
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VA|,  and  the  atom  of  N  in  the  anti-site  configuration 
<VGa  -  NG;1  in  GaN  and  VAi  -  NA1  in  AIN,  respec¬ 
tively). 

2.  Experimental 

The  measurements  have  been  conducted  by  the 
spectrometer  of  the  angular  correlations  possessing  the 
angular  resolution  -0.9  mrad  [1];  for  more  details  about 
the  experimental  procedure  see  Ref.  [2].  All  measure¬ 
ments  were  performed  at  18'C. 

As  AIN  sample,  the  film  (thickness  -  1 20  pm)  of  p- 
type,  p~10lscm and  as  GaN  sample  the  thick 
(-  100  pm)  epitaxial  film  on  the  sapphire  substrate,  also 
of  p-type,  /;~  10i7  cm" 3  have  been  used  (for  more  details 
about  samples,  see  Ref.  [3]). 

For  a  comparative  analysis,  experiments  have  been 
performed  for  metals  Al  and  Ga  as  well  as  for  a 
homologous  pair  of  “perfect”  single  crystals  GaP  and 
GaAs  related  to  GaN.  These  materials  have  served  as 
the  reference  materials  (more  detailed  information 
concerning  the  investigated  materials  of  references  is 
given  in  Ref.  [3]). 
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3.  The  positron  annihilation  in  AIN  and  GaN:  the 
1D-ACAR  data 

The  1D-ACAR  spectral  curves  recorded  for  AIN  and 
GaN  are  characteristic  of  the  ion-covalent  bonding  in 
the  crystal  lattice  (the  curves  are  not  presented  here;  see 
Fig.  1  in  Ref.  [3]).  The  estimation  of  the  average  electron 
density  obtained  on  the  basis  of  the  independent  particle 
model  (IPM)  for  ideal  electron  Fermi-gas  (for  more 
details  see,  for  instance,  Ref.  [4])  leads  to  the  magnitude 
of  the  electron  radius  (rs)  of  the  sphere  occupied  by  one 
electron  for  AIN  rs  (AIN)  ^  1.61  a. u.  and  rs  (GaN)- 
~1.64a.u.,  respectively.  The  evaluation  of  half-width- 
on-half-maximum  (HWHM,  or  Q\/2)  of  1D-ACAR  by 
the  simplified  expression  0]/2  —  9.923r~1  (see  Ref.  [4]  as 
well  as  Ref.  [6,10])  has  given  the  value  6 \/2 
(AlN)~6.16mrad  for  AIN,  and  0\j2  (GaN)  ~  6.03  mrad 
for  GaN;  on  the  whole,  the  obtained  experimental  data 
are  in  agreement  with  these  magnitudes  though  they 
both  proved  to  be  less  in  value,  0\/2  (AIN,  exper.) 
~5.85mrad  and  0\/2  (GaN,  exper.)  ~ 4.9  mrad.  This 
correlation  between  the  experimental  and  calculated 
data  is  qualitatively  different  from  the  picture  to  be 
observed  for  the  whole  range  of  the  materials  of 
references  (see  Fig.  1). 

Directly  related  to  the  electron  density,  the  value  of 
Fermi-momentum  9y  has  been  found  by  the  value  of 
HWHM  of  the  momentum  density  distribution  (see  Ref. 
[3]):  HWHM  =  (6.7-6.9)  x  \0~3moc  and  HWHM  = 
(4.8 -5.1)  x  10^3m0c  for  AIN  and  GaN.  Having  as¬ 
sumed  that  the  enhancement  of  the  electron  density 
around  the  positron  does  not  distort  significantly  its 
average  value  in  AIN  and  GaN  (as  it  takes  place  for  all 
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Fig.  1.  The  HWHM  of  1D-ACAR  ( 0]/2 )  for  AIN,  GaN  and 
materials  of  references  vs.  lattice  constant:  dots  are  experi¬ 
mental  data,  triangles  are  the  results  of  calculations  made  on 
the  basis  of  the  model  of  ideal  Fermi-gas  of  electrons  [4,1 1].  The 
arrows  shown  here  for  clarity  are  directed  from  the  experi¬ 
mental  data  to  the  calculated  ones;  the  results  for  the  nitrides 
are  qualitatively  different  from  those  obtained  for  the  materials 
of  references  (see  text). 


wide-gap  semiconductors  (Ref.  [5])),  one  may  estimate 
the  Fs  parameter  for  the  investigated  materials  within  the 
framework  of  the  ideal  Fermi-gas  model.  It  has  proven 
to  be  that  for  both  AIN  and  GaN,  the  electron  density  to 
be  obtained  by  means  of  the  experimental  6y  values 
is  markedly  lower  in  comparison  with  the  magnitude  to 
be  predicted  on  the  basis  of  the  IPM  approach  for  ideal 
electron  Fermi-gas,  r'  (AlN)~1.28rs  and  r' 
(GaN)~  1.66rs.  These  numeral  values  indicate  the 
process  of  the  annihilation  of  positron  in  the  regions 
of  defects  of  a  vacancy-type,  where  the  distortions  of  the 
crystal  lattice  result  in  the  decrease  of  the  average 
electron  density.  In  this  connection,  let  us  now  consider 
these  regions  in  the  light  of  the  results  obtained  for  the 
high-momentum  range  (0  >  0F)  of  1D-ACAR. 


4.  Ion  cores  of  AIN  and  GaN  and  high-momentum 
component  of  1D-ACAR 

It  is  well  known  that  the  1D-ACAR  within  the  region 
0  >  0y  bears  the  information  concerning  the  chemical 
nature  of  cores  as  the  outer  shell  core  electron  wave 
functions  ‘retain’  to  a  great  extent  their  atomic  character 
(for  more  details  see,  for  instance  Refs.  [1,4,6-10]). 
Within  the  range  O^rCKp1  (kf  is  the  absolute  value  of 
the  electron  wave  vector)  the  dominant  contribution  to 
the  detected  momentum  distribution  is  due  to  the 
exponentially  subsiding  part  of  the  outer  shell  core 
electron  wave  functions.  The  overlapping  of  the  positron 
and  core  electron  wave  functions  reaches  a  maximum  at 
length  rm  and  in  itself  is  a  parameter  of  HMC  1D- 
ACAR  curve  (some  systematic  data  on  the  parameter  rm 
for  various  materials  one  may  find,  for  instance,  in  Refs. 
[7-10]).  A  number  of  studies  on  the  ion  crystal  and 
metals  [4],  high-Tc  superconductors  [7,8],  and  diamond¬ 
like  semiconductors  [9,10]  have  always  evidenced  that 
rm~rj,  where  r\  is  the  ion  radius  of  that  core  which 
possesses  the  largest  volume  and  least  positive  effective 
charge.  Below,  the  results  obtained  for  GaN  and  AIN 
are  compared  to  the  data  available  for  metals  Al  and  Ga 
as  well  as  for  GaP,  GaAs,  and  GaSb  which  may  serve  as 
a  certain  standard  for  determination  of  a  chemical 
nature  of  cores  whose  electrons  give  a  contribution  to 
the  electron-positron  annihilation  in  GaN  and  AIN. 

The  HMC  of  1D-ACAR  curves  for  metals  mentioned 
above  is  characterized  by  the  values  of  rm  (Al3+)~ 
0.519  +  0.011  A  and  rm  (Ga3  +  )~0.584±0.015  A,  Ref. 
[3],  which  correlate  well  with  the  conventional  magni¬ 
tudes  of  ion  radii:  r\  (A13  +  )~0.53A  and  r\ 
(Ga3+)~0.62A,  Ref.  [12].  A  similar  picture  for  HMC 
of  1D-ACAR  has  been  observed  for  homologous 
consequence  of  GaP,  GaAs,  and  GaSb,  where  the 
relation  rm  (Ga<B 5>)/rm  (Ga3  +  )  was  found  to  be  equal 
to  1,0086,  1,054,  and  1,11  for  <B5>=P,  As,  and  Sb, 
respectively  (see  also  Refs.  [6,10]). 
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The  estimated  rs  values  characterizing  the  average 
electron  density  in  metals  Al  and  Ga  are  rs  (Al) 
~2.07a.u.  and  rs  (Ga)~2.19a.u.;  corresponding  mag¬ 
nitudes  of  HWHM  of  1D-ACAR  curves  are  0U2 
(AI)~4.8mrad  and  0\/2  (Ga)^4.53 mrad.  These  values 
and  the  experimental  ones  are  in  reasonably  good 
agreement:  0, /:  (Al,  exper.) -4.95  mrad  and  0,/2  (Ga, 
exper.) ~4.75 mrad  (see  Fig.  1).  Let  us  now  to  apply 
these  data  on  rs  and  rm  values  as  a  certain  standard  for  a 
qualitative  analysis  of  the  results  obtained  for  nitrides. 


5.  HMC  of  1D-ACAR  for  AIN,  GaN,  and  materials  of 
references 
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The  presence  of  four  Ga3 1  (or  Al3 4 )  cores  in  the  first 
coordination  sphere  of  the  negatively  (effectively) 
charged  nitrogen  atom  in  the  perfect  crystal  lattice  of 
GaN  (or  AIN)  creates  conditions  in  which  the  outer  shell 
core  electrons  of  Ga3  (or  Al3  ’ )  give  a  predominating 
contribution  to  the  positron  annihilation  process  in 
cores.  If  the  value  of  rm  (Ga3  4 )~  0.584 +  0.0 15  A  is 
supposed  to  be  a  standard  length,  then  the  deviation 
from  this  magnitude  is  less  than  1%  for  GaP  and  5%  for 
GaAs.  Indeed,  as  it  has  been  established  for  most  perfect 
GaP  and  GaAs — structurally  closest  materials  to  GaN 
nitride — the  relations  rm  (GaP)/rm  (Ga3  4 )  and  rm 
(GaAs)/rm  (Ga3 1 )  are  close  to  unity,  1.0086  and  1.054, 
respectively,  Ref.  [10],  i.e.  within  the  accuracy  of 
measurements  the  magnitude  of  the  electron  positron 
kion  radius’  rm  is  determined  by  the  3d  Ga3  4  shell. 

For  the  investigated  nitrides,  nevertheless,  a  some¬ 
what  different  picture  has  been  observed  (see  Fig.  2). 
Here,  marked  deviations  of  the  rm  value  from  its 
standard  magnitude  have  been  revealed:  the  relation 
/*ni  (AlN)//*m  (Al34)  is,  approximately,  1.249,  and  a 
somewhat  less  value  1.108  has  been  obtained  for  rm 
(GaN )/rm  (Ga3  ).  It  is  important  to  emphasize  that  for 
GaN  a  similar  magnitude  of  this  relation  was  found 
when  the  tetrahedral  structures  served  as  standards: 
{rm  (GaN )/rm  (GaP)}  ~  1.0986  and  {rm  (GaN)/rm 
(GaAs)}  1.051,  i.e.  again  we  have  obtained  for  GaN 
the  increase  of  rm  values  within  the  interval  from  ~5% 
to  ~  10%.  Such  an  increase  of  rm  values  in  the 
investigated  AIN  and  GaN,  probably,  reflects  the 
availability  of  the  increased  distances  between  the  cores 
of  the  nearest  surroundings  of  positron  resulting  in  a 
considerable  decrease  of  the  electron  density  around  the 
positron  as  compared  to  the  predicted  values  obtained 
by  the  IPM  approach  for  the  ideal  electron  Fermi-gas 
(see  above).  These  two  circumstances —the  increase  of 
the  electron-positron  ‘ion  radius’  rm  in  comparison  with 
the  chosen  standard  value  and  the  decrease  of  the 
electron  density  around  the  positron  in  the  crystal  lattice 
indicate  the  process  of  annihilation  of  positrons  trapped 
by  vacancy-type  defects,  where  the  positron  may 


Fig.  2.  Electron  positron  “ion  radii"  (rm)  in  nitrides  and 
materials  of  references  vs.  the  lattice  constant:  the  squares 
indicate  the  deviations  in  magnitude  of  rm  from  their  standard 
values  obtained  for  cores  Al3 '  and  Ga3"  in  corresponding 
metals;  the  circles  are  the  same  deviation  of  value  obtained  for 
the  conventional  ion  radius  (/-j)  of  B5  cores,  N5" ,  P5 "  ,  As5  * , 
and  Sb5  respectively  (solid  and  dashed  lines  of  different 
lengths  are  shown  for  clarity  indicating  the  prevailing  process  of 
the  annihilation  of  positrons  in  the  outer  shell  of  Al3 '  and 
Ga3 '  ion  cores;  the  values  of  r,  were  taken  from  Ref.  [12]). 

annihilate  in  the  outer  shells  of  Ga34  in  GaN  and 
Al34  in  AIN. 

Meanwhile,  as  is  generally  known,  the  N5  4  -vacancies 
must  have  a  repulsive  potential  for  positron  (see  Ref. 
[5]).  So,  for  self-consistent  interpretation  of  the  whole  set 
of  the  obtained  results  it  is  required  to  put  forward  a 
supposition  about  the  annihilation  of  positron  in  the 
region  of  complex,  which  includes  Ga-vacancy  in  GaN 
and  Al-vacancy  in  AIN.  The  defects  of  substitution  NGa 
and  Naj  (which  are  similar  to  anti-sites  AsGa  in  GaAs) 
may  be  involved  in  the  microstructure  of  such  com¬ 
plexes.  There  are  some  reasons  to  believe  that  these 
defects,  NGa  and  Nai,  compensate  for  the  negative 
charge  of  Ga-vacancy  or  Al-vacancy.  The  centers 
consisting  of  the  vacancies  VGa  or  VA]  in  which  the 
electron  density  decreased  and  where  the  process  of  the 
positron  annihilation  occurred  with  outer  shell  core  elec¬ 
trons  of  Ga3 '  and  Al34, — such  defects,  may  have  the 
configuration  VGa  -  NGa  in  GaN  and  VAi  -  N.\i  in  AIN. 


6.  Conclusion 

In  this  work,  the  results  of  measurements  of  1D- 
ACAR  for  GaN  and  AIN  are  discussed.  The  radius  per 
one  electron  r's  estimated  by  1D-ACAR  data  is  higher  by 
a  factor  of  1.28  and  1.66  for  AIN  and  GaN,  respectively, 
in  comparison  with  the  numeral  values  predicted  within 
the  framework  of  the  IPM  approach  for  ideal  Fermi-gas 
of  electrons. 


N.Yu.  Arutyunov  et  al.  (  Physica  B  308-310  (2001)  110-113 


113 


The  comparative  analysis  of  systematic  1D-ACAR 
data  for  Al,  Ga,  GaP,  GaAs,  AIN,  and  GaN  shows  that 
the  high-momentum  component  of  1D-ACAR  is  due  to 
the  annihilation  of  positrons  in  the  outer  shell  of  Ga3  + 
cores  in  GaN  and  Al3  +  cores  in  AIN.  Non-contra¬ 
dictory  interpretation  of  the  results  is  given  on  the  basis 
of  the  positron  annihilation  in  the  regions  of  the  vacancy 
complexes,  Vca  -  Noa  in  GaN  and  Vai  —  Nai  in  AIN; 
for  such  defects,  the  nitrogen  atom  is  likely  to  be  in  the 
configuration  of  substitution  (anti-site),  Nca  in  GaN 
and  Nai  in  AIN. 
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Abstract 


GaN  structures  belong  to  the  most  popular  wide-bandgap  semiconductors.  Large  lattice  mismatch  existing  between 
the  layer  and  substrates  (3.5%  for  SiC  and  even  16%  in  the  case  of  sapphire  substrate)  results  in  structures  with  a  large 
number  of  defects.  The  typical  GaN  epitaxial  layer  consists  of  dislocation-free  regions  with  lateral  dimensions  equal  to  a 
few  hundred  nanometers.  The  dislocation  density  changes  from  108cm"2  inside  the  grains  to  10,ocm”2  in  the  grain 
boundaries.  The  average  value  of  the  lateral  correlation  lengths  (coherence  wavelength)  seems  to  be  not  quite 
satisfactory.  Particularly,  it  is  connected  with  lateral  direction,  because  the  vertical  length  is  approximately  equal  to  the 
thickness  of  the  epitaxial  layer.  This  paper  presents  the  new  approach  for  the  determination  of  GaN  crystallites 
dislocation-free  block  size  distributions.  This  method  is  based  on  the  X-ray  peak  profile  analysis  and  solution  of  the 
Fredholm  integral  equation.  The  necessary  peaks  are  obtained  from  the  high-resolution  X-ray  dilTractometry 
measurements.  The  obtained  results  have  been  shown  for  the  various  samples:  GaN  layers  grown  on  low  temperature 
buffer  layer  (GaN  or  AIN).  Very  interesting  results  were  obtained  in  the  first  case,  where  two  different  sizes  of  the  blocks 
appear,  (jc..'  2001  Elsevier  Science  B.V,  All  rights  reserved. 
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1.  Introduction 

The  GaN  epitaxial  layers  exhibit  a  high  density  of 
structural  defects.  Dislocation  densities  may  be  up  to 
10  W"2  [1].  It  is  known  that  the  columnar  structure  is 
typical  for  these  epitaxial  layers  deposited  on  sapphire, 
or  SiC  substrate.  Twist,  tilt  and  sizes  of  the  blocks  as 
well  as  lattice  strains  should  be  controlled  during  the 
technological  process.  Metzger  et  al.  [2]  have  been 
proposed  some  methods  based  on  the  X-ray  measure¬ 
ments,  which  could  be  used  in  order  to  estimate  some 
structural  parameters  of  the  GaN  layers  grown  on 
c-plane  sapphire.  Especially,  lateral  correlation  length 
and  vertical  correlation  length  of  the  GaN  blocks  inside 
the  layer  could  be  calculated. 

In  this  paper,  a  new  approach  which  allows  to 
determine  the  distribution  of  the  block  sizes  is  proposed. 
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Our  calculations  are  based  on  the  X-ray  peak  profile 
analysis  and  solution  of  the  Fredholm  integral  equation 
[3,4]. 


2.  The  model  of  X-ray  diffraction  by  real  crystal 

The  experimental  X-ray  diffraction  line  profile 
h(s)  may  be  treated  as  a  convolution  of  the  pure  line 
profile  /(/)  with  a  standard  (instrumental)  line  profile 
yU  ~  t)  : 


/; 


g(s-t)f{t)dt  =  h{s). 


(1) 


where  a  is  the  limit  of  the  diffraction  angle  for  a  single 
line. 

If  the  layer  consists  of  blocks  of  the  same  shape  and 
different  sizes  distributed  according  to  size  distribution 
p,  then  the  pure  line  profile  is  the  sum  of  the  pure  line 
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profiles  from  crystallites: 


fN 

/ 

Jo 


s)p(n)  d n  —  f(s), 


(2) 


where  <P(n,  s )  is  the  inverse  Fourier  transform  of  function 
autocorrelation  describing  the  crystalline  block  shape  of 
the  size  characterised  by  number  n  and  TV  is  a  sufficiently 
large  number  (TV  must  be  so  large,  that  pin)  =  0 
for  n  >  TV). 

In  the  small  area  surrounding  the  Bragg  angle,  the 
angular  profile  of  X-ray  from  a  parallel  beam  diffracted 
by  the  layer  consists  of  monocrystal  blocks  that  can  be 
interpreted  after  Kojdecki  [4,5],  Kojdecki,  Mielcarek 
[6,7]  and  Wilson  [8]  as 


rtf 


<P(n,  s  -  t)p(n)  d n 


r(t)dt=f(s) 


(3) 


or  as 


^(n,  s  —  t)v(n)  d n 


r(t)dt  =/(4 


(4) 


where  p(ri)  is  the  number-weighted  size  distribution,  v(n ) 
the  volume-weighted  size  distribution  (v(ri)  =  p(n)n 3) 
and  r(s)  the  lattice  strain  distribution,  {P(n,s)  = 
<P(n,s)/n3. 

The  crystallite  size  distribution  p(n)  (number- 
weighted)  or  v{n)  (volume-weighted)  can  be  interpreted 
as  a  density  of  probability  of  finding  a  crystallite  of  an 
assumed  size  characterised  by  a  number  n  in  the 
analysed  layer.  The  lattice  strain  distribution  r(t )  can 
be  interpreted  as  a  density  of  probability  of  finding  the 
crystallite,  with  interplanar  distance  (in  analysed  direc¬ 
tion)  differing  -td  cot(<9o)  from  the  averaged  one 
(t  —  ©  -  © o,  0— the  Bragg  angle). 

Formula  (4),  evaluated  from  (3)  can  be  treated  as  an 
equation,  the  solution  of  which  is  a  pair  of  functions 
and  r  characterising  the  investigated  sample.  Both 
Eqs.  (1)  and  (4)  are  called  ill-posed  problems  and  they 
can  be  approximately  solved  only  by  special  methods, 
e.g.  based  on  Tikhonov’s  regularisation  idea  [3], 
presented  by  Kojdecki  [4,6]. 


3.  Results 

The  proposed  method  of  the  block  size  and  lattice 
strain  distribution  determination  was  applied  for  the 
GaN/GaN/sapphire  and  GaN/AlN/sapphire  epitaxial 
layers.  The  necessary  measurements  of  the  experimental 
as  well  as  instrumental  line  profiles  have  been  done  using 
a  MRD-Philips  X-ray  diffractometer.  Triple-axis  optics 
and  0/20  scan  mode  was  provided.  The  calculations 
have  been  done  for  three  pairs  of  instrumental  and 
experimental  line  profiles.  GaAs  substrate  was  used  as  a 
reference  crystal  and  the  peaks  presented  in  Table  1  were 
chosen,  because  they  have  quite  similar  angles  of  the 


Table  1 

X-ray  peaks  chosen  for  the  profile  measurements 


GaAs 

GaN 

hkl 

c a/20 

hkl 

co/20 

002 

15.8/31.6 

002 

17.3/34.6 

115 

29.27/90.14 

015 

31.99/105.17 

244 

6.6/ 109.67 

144 

10.96/100.12 

Fig.  1.  Density  of  the  lateral  correlation  length  volume- 
weighted  distribution  in  GaN/GaNbufrer/sapphire.  Strain  e  — 
2  x  10"4. 


Lateral  correlations  length  [nm] 

Fig.  2.  Density  of  the  lateral  correlation  length  volume- 
weighted  distribution  in  AlGaN/GaN/GaN/AlNbuffer/ sapphire. 
Strain  e  =  7  x  10-5. 


incident  and  diffracted  beam  (similar  diffraction  geome- 
try). 

The  samples  were  prepared  in  an  atmospheric 
pressure,  single  wafer  vertical  flow  MOVPE  system. 
Figs.  1-3  present  the  results  (especially,  density  distribu¬ 
tion  of  the  lateral  correlation  lengths)  obtained  for  the 
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Fig.  3.  Density  of  the  lateral  correlation  length  volume- 
weighted  distribution  in  GaN/AlNbuircr/sapphirc.  Strain  r.  - 
7  x  10  5. 


three  selected  example  layers.  Sample  C03  (Fig.  1)  is 
the  GaN  layer  deposited  on  the  low  temperature 
(r*800K)  GaN  buffer  layer  grown  on  the  e-plane 
sapphire  substrate. 

Sample  CE682  (Fig.  2)  was  grown  as  following:  on 
e-plane  sapphire  substrate  was  deposited  on  a  low 
temperature  AIN  buffer  layer,  then  2  pm  GaN  layer  was 
deposited  in  high  temperature  ( T  -  1313  K).  Next,  the 
temperature  was  decreased  to  room  temperature,  then  it 
was  raised  to  the  growth  value  for  the  next  deposition's 
step:  there  were  two  other  layers  deposited:  GaN  layer 
(2.63  pm)  and  30  nm  of  Al  vGai  VN  (  y  >  50%).  This 
treatment  was  made  for  electrical  measurements.  The 
last  sample  E2  (Fig.  3)  was  GaN  template  on  a  sapphire 
substrate. 

The  lattice  strain  distribution  r(t)  is  obtained  from 
formula  (4).  using  the  method  described  above.  This  is 
the  second-order  lattice  strain  (relative  change  of  lattice 
parameter  with  respect  to  the  average  value).  The  value  r. 
is  the  mean  of  the  absolute  second-order  lattice  strain. 

In  the  first  case  (Fig.  1),  two  fractions  of  GaN  grains 
are  visible  with  the  average  lateral  correlation  lengths 
equal  to  93.9  and  434.2  nm.  It  can  be  strictly  connected 
with  the  double  layer  grown  on  the  substrate.  Sample 
C03  has  strain  c  —  2  x  10“4. 

Sample  CE682  (Fig.  2)  has  the  small  lateral  correla¬ 
tion  length  of  only  95.6  nm. 

The  sample  E2  (Fig.  3)  has  the  larger  lateral  correla¬ 
tion  length  of  258.8  nm. 

In  spite  of  the  small  correlation  length  sizes  in  sample 
CE682  the  strain  is  equal  to  strain  in  sample  E2 


(«  =  7  x  10"5).  The  grains  of  CE682  are  very  small, 
but  temperature  treatment  in  consequence  gave  a  small 
value  of  strain. 


4.  Summary 

The  method,  which  can  be  used  in  order  to  obtain  the 
structural  information,  is  connected  with  the  lateral 
correlation  length  distribution  and  additionally  a  lattice 
strain  distribution  in  GaN  layers.  This  is  the  first 
method  of  this  kind.  The  average  values  of  lateral 
correlation  lengths  of  typical  GaN  structures  published 
are  in  the  same  range  as  that  presented  in  this  paper.  The 
obtained  results  confirm  the  differences  between  tested 
samples. 

The  proposed  method  seems  to  be  very  useful  in  the 
structural  analysis  of  the  non-perfect  epitaxial  layer. 
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Abstract 

Several  local  vibrational  modes  (LVMs),  observed  in  magnesium-doped  high-pressure  grown  bulk  samples,  are 
attributed  to  two  types  of  magnesium-oxygen  complexes.  The  equivalent  high-energy  modes  for  beryllium-oxygen 
complexes  are  also  observed  in  GaN :  Be  samples.  Therefore,  oxygen  plays  two  roles  for  p-type  doping  of  GaN:  it 
compensates  the  acceptors  and  makes  complexes  with  them.  In  addition  to  the  well  known  LVM  at  3125  cm-1  resulting 
from  the  passivation  of  the  magnesium  acceptor  by  hydrogen,  two  new  modes  at  4090  and  4110  cm-1  (at  6K)  are 
observed  in  as-grown  OMVPE  layers.  We  interpret  them  as  originating  from  rotating  hydrogen  molecules  in  interstitial 
sites  of  the  GaN  lattice.  Therefore,  hydrogen  passivates  the  acceptors  and  is  also  present  in  molecular  form.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaN;  Acceptors;  Hydrogen;  Oxygen 


1.  Introduction 

Some  of  the  techniques  of  growth  of  gallium  nitride 
introduce  large  amounts  of  unintentional  impurities.  On 
the  one  hand,  undoped  bulk  materials  grown  under  high 
pressure  of  nitrogen  have  a  large  electron  concentration 
which  is  attributed  to  unintentional  oxygen  incorpora¬ 
tion  [1].  The  same  material  doped  with  magnesium 
acceptors  becomes  either  semi-insulating  or  slightly  p- 
type  [2,3].  The  reason  for  this  change  of  behaviour  with 
magnesium  doping  can  be  (i)  compensation  between 
oxygen  donors  and  magnesium  acceptors;  (ii)  formation 
of  Mg-0  complexes;  (iii)  chemical  gettering  (formation 
of  MgO  precipitates).  Among  these  possibilities,  two 
received  experimental  support:  UV  reflectivity  measure¬ 
ments  suggested  the  formation  of  MgO  precipitates  [4] 
whereas  positron  annihilation  experiments  suggested  the 
existence  of  negatively  charged  magnesium  acceptors  [5]. 
It  must  also  be  noted  that  the  co-doping  of  GaN  by  both 
oxygen  and  acceptors  has  been  suggested  both  experi¬ 


mentally  [6,7]  and  theoretically  [8,9]  to  give  rise  to 
efficient  p-type  doping  with  high-hole  mobility.  In  order 
to  get  further  insights  on  these  phenomena,  we  have 
investigated  by  local  vibrational  spectroscopy  bulk 
material  grown  under  high  pressure  and  doped  inten¬ 
tionally  with  magnesium  and/or  beryllium  acceptors  and 
unintentionally  with  oxygen. 

On  the  other  hand,  as-grown  magnesium-doped  layers 
grown  by  organometallic  vapour  phase  epitaxy 
(OMVPE)  are  known  to  contain  large  hydrogen 
concentrations  coming  out  from  the  precursors.  Hydro¬ 
gen  makes  complexes  with  magnesium,  which  can  be 
evidenced  by  local  vibrational  mode  (LVM)  spectro¬ 
scopy  [10-12].  An  open  question  is  whether  it  is  the  only 
role  played  by  hydrogen  in  this  material.  In  order  to 
answer  this  question,  we  have  also  investigated  as-grown 
OMVPE  layers  on  sapphire  substrates. 

2.  Samples  and  experiments 


*  Corresponding  author.  Fax:  +33-1-44-27-44-47.  Bulk  samples  are  grown  by  high-pressure  synthesis 
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of  nitrogen  in  liquid  gallium  under  high  pressures 
(*1.5GPa)  at  temperatures  around  1500'C.  Doping  is 
achieved  by  adding  0. 1-0.5%  of  magnesium  or  ber¬ 
yllium  to  the  liquid  gallium.  The  crystals  we  have 
investigated  have  a  typical  thickness  around  300  pm  and 
lateral  dimensions  about  2  mm.  They  are  of  wurtzite 
structure  with  the  c-axis  perpendicular  to  the  platelet. 

Magnesium-doped  epitaxial  layers  are  grown  by 
OMVPE  at  about  1000'C  on  sapphire  substrates.  They 
are  of  wurtzite  structure  with  the  c-axis  perpendicular  to 
the  layer.  Mg  acceptor  concentration  exceeds  10lycm  3. 
As-grown  samples  are  insulating  at  room  temperature. 

Infrared  experiments  have  been  performed  with 
Bomem  DA3  +  or  DA8  interferometres  equipped  with 
CaF2,  KBr  or  mylar  beam-splitters  and  cooled  InSb, 
HgCdTe  detectors  or  silicon  bolometer.  The  samples  can 
be  cooled  down  to  liquid  helium  temperature  using 
Oxford  Instruments  CF  204  or  CF  1204  cryostats. 

Epitaxial  layers  have  been  investigated  using  the 
multitransmission  set-up  described  in  Ref.  [12].  Bulk 
materials  have  been  investigated  with  the  wave  vector  of 
the  light  parallel  to  the  c-axis. 


3.  Magnesium-doped  bulk  samples 

In  magnesium-doped  bulk  samples,  in  addition  to  the 
lattice  absorption,  two  intense  absorptions  at  395.6  and 
781.8cm  shown  in  Figs.  1  and  2,  exist.  They  are 
observable  at  elevated  temperature  and.  therefore,  can 
be  assigned  to  LVMs.  The  full  widths  at  half  maxima  are 
2cm  1  for  the  396cm  1  mode  and  2.5cm  1  for  the 
782cm' 1  mode.  The  wave  number  of  the  high-energy 
mode  being  slightly  low^er  than  twice  the  low-energy 
mode,  one  can  suspect  the  high-energy  mode  to  be  an 


Fig.  1.  Absorption  spectrum  of  the  magnesium  oxygen  com¬ 
plex  in  the  400cm  1  range  at  T  =  6K.  The  upper  trace  is  the 
experimental  spectrum  while  the  lower  one  is  a  simulation. 


Fig.  2.  Absorption  spectrum  of  the  magnesium  oxygen  com¬ 
plex  in  the  800cm  1  range  at  T  —  6K.  The  upper  trace  is  the 
experimental  spectrum  while  the  lower  one  is  a  simulation. 


overtone  of  the  low-energy  one.  However,  this  possibi¬ 
lity  seems  to  be  very  unlikely  as  the  intensity  of  the 
782cm  '  mode  is  twice  larger  than  the  396  cm  1  mode. 
We  believe  that  these  modes  are  magnesium  related.  One 
of  the  reasons  for  this  assignment  is  that  they  are  not 
observed  in  beryllium-doped  samples.  Another  one  is 
that  at  energies  lower  than  that  of  each  main  peak,  two 
smaller  ones  are  observed  with  intensities  about  13%  of 
the  main  peaks;  they  can  be  due  to  the  2>Mg  and  26Mg 
isotopes  whose  natural  abundances  are  10%  and  11%, 
respectively,  as  it  can  be  seen  on  the  simulations  shown 
in  the  lower  traces  of  Figs.  1  and  2.  In  order  to  simulate 
the  true  absorption  spectra,  one  needs  to  introduce  a 
second  set  of  lines  consisting  of  24Mg  related  lines  at  399 
and  784.9  cm  !  and  their  2:iMg  and  2r,Mg  partners.  In 
both  spectra,  the  integrated  intensity  of  the  second  set  of 
lines  is  1/4  of  the  main  set  one.  We  assign  these  two  sets 
of  lines  to  two  types  of  centres. 

These  LVMs  are  not  due  to  “isolated"  magnesium  in 
substitution  to  gallium  as  they  are  already  known  from 
Raman  spectroscopy  [13-15]  and  do  not  fit  to  the 
observed  w'ave  numbers.  Therefore,  these  LVMS  are  due 
to  complexes  involving  magnesium.  The  most  likely 
partner  of  magnesium  is  oxygen  for  the  following 
reasons:  (i)  oxygen  is  the  most  important  unintentional 
impurity  in  the  samples  we  have  investigated;  (ii)  the 
affinity  of  oxygen  for  magnesium  is  well  know'n;  (iii)  the 
wave-number  of  the  high-energy  mode  is  in  the  range  of 
the  LO  phonon  in  MgO  (725cm  ').  Therefore,  we 
assign  the  two  groups  of  LVMs  to  magnesium-oxygen 
complexes.  It  has  to  be  emphasised  that  w'e  do  not  have 
any  direct  proof  of  the  involvement  of  oxygen  in  the 
complex:  in  particular,  w?e  could  not  find  any  evidence  of 
LVMs  related  with  lsO  as  the  natural  abundance  of  isO 
is  too  low  (0.2%)  for  allowing  their  observation  in  our 
experiments. 
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Fig.  3.  Absorption  spectrum  of  the  beryllium-oxygen  complex 
at  T  =  6  K. 


4.  Beryllium-doped  bulk  samples 

The  beryllium-doped  bulk  materials  we  have  investi¬ 
gated  are  insulating  at  room  temperature.  In  addition  to 
the  lattice  absorption  and  to  LVMs  due  to  beryllium  in 
substitution  to  gallium,  one  observes  two  modes  at  1055 
and  1063  cm-1,  which  are  shown  in  Fig.  3.  For  the  same 
reasons  as  those  developed  in  the  previous  section,  we 
assign  them  to  complexes  involving  beryllium  and 
oxygen. 

Bulk  samples  co-doped  with  magnesium  and  beryl¬ 
lium  have  also  been  investigated.  One  observes  in  them 
both  the  magnesium-oxygen  complexes  discussed  in  the 
previous  section  and  beryllium-oxygen  ones  discussed  in 
this  section.  This  suggests  that  the  acceptor-oxygen 
complexes  contain  only  one  acceptor  atom. 


5.  Discussion  on  the  acceptor-oxygen  complexes 

The  main  factor  for  determining  the  wave-number  of 
a  complex  is  the  mass  effect  as  the  force  constants  do  not 
depend  so  much  of  the  bonds  and  occur  at  the  power 
1/2.  In  this  respect,  if  one  considers  an  acceptor-oxygen 
bond,  it  is  pertinent  to  compare  its  stretching  LVM  wave 
number  with  /(mA)  =  (l/wA  +  1/mo)1'2  where  mA  and 
mo  are  the  acceptor  and  oxygen  masses,  respectively. 
One  can  notice  that  the  ratio  of  the  high-energy 
modes  wave  numbers  of  the  magnesium-oxygen  and 
beryllium-oxygen  complexes  matches  the  /(rage)/ 
f(m Mg)  ratio. 

We  shall  now  discuss  the  structure  of  the  acceptor- 
oxygen  complexes.  The  simplest  one  can  think  of 
consists  of  oxygen  in  substitution  to  a  nitrogen  atom 
nearest  neighbour  to  the  acceptor  in  substitution  to 
gallium  (Fig.  4a).  Such  a  complex  (0N-MgG£l  or  On- 


Ga 


Ga 


Fig.  4.  Schematic  representation  of:  (a)  the  A- O  complex;  (b) 
the  (TCa-0-Ga,  FN)  defect.  The  “cubes”  are  there  only  for 
helping  the  perspective  vision. 


BeGa)  has  been  considered  by  ab-initio  calculations  in 
the  cubic  phase  of  GaN  [16]  and  it  comes  out  that  this 
defect  is  energetically  favourable  and  has  no  level  within 
the  band  gap.  It  seems  quite  likely  that  in  wurtzite  type 
GaN  and  in  the  case  of  replacement  of  magnesium  by 
beryllium,  one  should  reach  the  same  conclusions.  In  the 
framework  of  this  model,  the  modes  at  high  energy 
would  be  assigned  to  the  stretching  modes  and  the 
modes  around  396  cm-1  observed  in  Mg-doped  samples 
to  the  transverse  modes  of  the  Mg-0  complexes.  It  is 
not  clear  why  two  types  of  complexes  could  be  observed 
in  the  framework  of  such  a  model.  One  could  think  of 
two  different  geometries  of  the  complexes:  one  with  the 
acceptor-oxygen  bond  aligned  along  the  oaxis  and  the 
other  one  in  which  this  bond  would  be  aligned  along  the 
other  possible  directions.  However,  this  would  not  be 
compatible  with  our  measurements  as  our  experimental 
arrangement  does  not  allow  for  the  observation  of  the 
stretching  vibrations  of  bonds  aligned  along  the  c-axis. 

We  believe  that  another  type  of  complex  is  worth 
being  considered:  the  (AGa-0-Ga,  KN)  defect  where 
^4Ga  stands  for  the  acceptor  in  substitution  for  gallium 
and  Fn  for  the  nitrogen  vacancy.  This  defect,  which  is 
shown  schematically  in  Fig.  4b,  is  an  extension  of  the 
(Ga-O-Ga,  KAs)  complex  observed  in  GaAs  [17,18];  in 
fact,  it  can  be  considered  as  the  same  type  of  defect  as 
the  one  discussed  in  the  previous  paragraph  in  which 
oxygen  has  relaxed  in  an  off-centre  position.  Such  a 
defect  should  be  electrically  active.  In  the  framework  of 
such  a  model,  stretching  vibrations  of  this  complex 
should  give  rise  to  two  modes  corresponding  to  the 
modes  at  782  cm"1  and  to  the  one  at  396  cm"1  in  the 
case  of  magnesium  doping.  A  splitting  due  to  the  two 
different  gallium  isotopes  should  exist.  However,  it 
should  be  small  1  cm"1)  and  not  observable  with  the 
experimental  line  widths  measured.  In  the  framework  of 
such  a  defect,  several  possibilities  exist  for  explaining  the 
occurrence  of  two  types  of  complexes:  (i)  different 
charge  states  of  the  same  complex;  (ii)  same  charge  state 
of  non-equivalent  complexes  due  to  the  wurtzite 
structure. 
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Fig.  5.  Absorption  spectrum  of  the  H:  molecule  in  GaN  at 
T  =  6K. 


6.  Magnesium-doped  OMVPE  layers 

As-grown  samples  are  insulating  at  room  tempera¬ 
ture.  In  addition  to  the  LVM  at  3125  cm  1  due  to 
magnesium-hydrogen  complexes,  two  lines,  shown  in 
Fig.  5.  at  4090  and  41 10cm  1  are  observed  at  6K;  their 
line  widths  are  about  10cm  They  are  due  to  local 
modes  of  vibration  as  they  are  still  observed  at  room 
temperature  slightly  shifted  (4087  and  4107  cm  1 ).  It  has 
to  be  noted  that  no  modes  are  observed  around 
2100cm'1,  which  means  that  these  modes  are  not 
overtones.  As  hydrogen  is  known  to  be  present  in  large 
quantities  in  these  samples,  the  most  likely  candidate  for 
such  high-wave  number  modes  is  the  hydrogen  mole¬ 
cule.  The  wave  number  of  the  hydrogen  molecule 
vibration  in  the  lowest  energy  interstitial  site  of  cubic 
GaN  has  been  calculated  to  be  3847cm  1  in  the 
harmonic  approximation  and  3548  cm  1  taking  into 
account  anharmonic  corrections  [19].  It  has  to  be  noted 
that  these  calculations  systematically  underestimate  the 
wave  numbers  even  for  the  free  hydrogen  molecule.  In 
the  case  of  wurtzite  type  GaN,  it  has  been  calculated 
that  the  H2  formation  energy  is  lower  than  in  cubic  GaN 
[20],  but,  to  our  knowledge,  no  values  for  the  LVM  of 
the  molecule  has  been  published.  Nevertheless,  it  seems 
that  the  modes  we  are  observing  are  in  the  range 
expected  for  hydrogen  molecules  in  GaN.  Therefore,  we 
assign  these  two  modes  to  hydrogen  molecules. 


7.  Discussion  on  the  hydrogen  molecule 

The  samples  investigated  are  insulating.  As  it  has  been 
calculated  that  in  insulating  wurtzite  type  GaN,  the 
most  stable  state  of  hydrogen  is  H2  molecule  at  the 
centre  of  a  trigonal  channel  [20],  the  experimental 


observation  of  H2  in  insulating  GaN  is  consistent  with 
theory.  The  free  hydrogen  molecule  is  infrared  inactive; 
in  a  noncentro-symmetric  crystal  field,  the  infrared 
transition  becomes  allowed.  It  has  been  pointed  out  that 
in  wurtzite  type  GaN,  a  polarisation  of  the  molecule 
occurs  [20],  which  reinforce  its  “effective  charge''. 

In  a  free  H2  molecule,  the  Raman  spectrum  consists  of 
two  lines  split  by  5.9cm  1  (ortho-para  splitting).  This  is 
due  to  the  coupling  of  the  vibrational  and  the  rotational 
motions  of  the  free  molecule  via  the  anharmonicity  of 
the  molecule  potential  [21].  In  the  case  of  the  H2 
molecule  in  GaAs.  this  splitting  is  8.2cm"1  [22].  When 
the  molecule  is  in  a  crystal,  it  suffers  the  crystal  potential 
in  addition  to  the  molecule  potential:  this  will  increase 
anharmonicity.  For  an  interstitial  molecule,  the  smaller 
the  “cage"  in  which  the  molecule  is  enclosed,  the  larger 
the  anharmonicity.  Because  of  the  smaller  values  of  the 
GaN  lattice  parameters,  the  size  of  the  “cage"  in  which 
the  molecule  is  enclosed  will  be  smaller  than  in  GaAs 
and  therefore,  the  ortho-para  splitting  will  be  larger  in 
GaN  than  in  GaAs.  We  attribute  the  two  modes 
observed  to  rotating  H2  molecules,  the  low-energy  mode 
being  due  to  ortho-hydrogen  and  the  high-energy  mode 
to  para-hydrogen.  The  20  cm  1  ortho-para  splitting 
observed  reflects  the  small  size  of  the  channel  in  which 
the  molecule  is  rotating.  In  the  framework  of  this  model, 
the  intensity  ratio  between  the  ortho-  and  para- 
hydrogen  transitions  should  be  equal  to  the  ratio  of 
the  degeneracies  of  the  ground  states  of  ortho-  and  para- 
hydrogen.  i.e.  3  [22];  this  is  fully  compatible  with  the 
experimental  spectra. 

It  is  to  be  noted  that  hydrogen-dependent  lattice 
dilatation  in  epitaxial  GaN  films  has  been  reported  [23]. 
The  interstitial  H2  molecules  evidenced  here  might  be 
responsible  for  this  effect. 


8.  Conclusion 

We  have  shown  that  in  addition  to  its  donor  role, 
oxygen  also  makes  complexes  with  the  magnesium  and 
beryllium  acceptors.  It  is  not  yet  clear  whether  these 
complexes  are  electrically  active  or  not.  In  this  respect,  it 
is  of  importance  to  work  out  whether  the  two  types  of 
modes  reported  here  could  be  due  to  two  different 
charge  states  of  the  complex;  experiments  under 
illumination  of  the  samples  should  be  performed  in 
order  to  give  insight  on  the  answer  to  this  question. 

It  is  now  well  known  that  hydrogen  makes  complexes 
with  magnesium  acceptors  and  passivates  them.  We 
have  tried  to  diffuse  hydrogen  in  beryllium-doped  bulk 
materials  in  order  to  evidence  complexes  of  beryllium 
with  hydrogen;  up  to  now  we  failed  in  observing  these 
complexes. 

We  have  evidenced  H2  molecules  rotating  in  inter¬ 
stitial  sites  of  the  GaN  lattice;  the  large  ortho-para 
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splitting  reflects  the  smallness  of  the  “cage”  in  which  the 
molecule  is  enclosed.  The  next  step  should  be  to 
investigate  samples  containing  both  hydrogen  and 
deuterium  in  order  to  investigate  H-D  and  D2  mole¬ 
cules. 


Note  added  in  proof 

The  stretching  mode  wave  number  of  the  hydrogen 
molecule  in  wurtzite  type  GaN,  calculated  in  the 
harmonic  approximation,  is  4235  cm^1  [24];  the  inclu¬ 
sion  of  anharmonic  corrections  should  lower  this  value. 
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Abstract 

Several  H -vibrational  lines  with  frequencies  between  3050  and  3250  cm'  1  have  been  observed  in  as-grown  layers  of 
GaN  grown  by  hydride  vapor  phase  epitaxy.  H  *  and  D  '  were  also  implanted  into  GaN  samples  with  a  range  of 
energies  up  to  II  MeV.  The  implants  gave  rise  to  the  same  lines  seen  in  the  as-grown  samples  and  a  number  of  new  lines 
in  addition  to  those  seen  previously.  A  vibrational  line  at  2208cm  1  was  produced  by  both  H  5  and  D  '  implantation 
and  is  assigned  to  a  strongly  bonded  molecular  complex,  (c,  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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Hydrogen  is  well  known  to  interact  with  the  dangling 
bonds  of  native  vacancy  and  interstitial  defects  in 
semiconductors.  While  hydrogenated  native  defects  are 
sometimes  found  in  as-grown  crystals  [1-4],  a  conve¬ 
nient  method  to  produce  these  defects  for  study  is  by  the 
implantation  of  H  (or  D" )  [1, 2.5,6].  In  this  paper,  we 
report  the  observation  of  several  H-vibrational  lines  in 
thick,  as-grown  crystals  of  GaN  grown  by  hydride  vapor 
phase  epitaxy  (HVPE).  H 4  and  D  *  were  also  implanted 
into  HVPE  GaN  to  produce  hydrogenated  lattice 
defects  for  our  studies.  These  data  provide  insight  into 
the  origin  and  properties  of  the  vibrational  lines  found 
in  the  HVPE  GaN  crystals. 

Van  de  Walle  proposed  that  H  will  interact  with  the  N 
and  Ga  vacancies,  VN  and  VGa,  in  GaN  and  calculated 
the  properties  of  the  vacancy-H  complexes  [7].  For  VG;|, 
it  was  predicted  that  from  one  to  four  H  atoms  can 
terminate  the  N-dangling  bonds  of  the  defect.  The  H- 
and  D-vibrational  lines  produced  by  the  implantation  of 
H  '  and  D  into  GaN  have  also  been  studied.  Weinstein 
et  al.  discovered  five  H-vibrational  lines  between  3000 
and  3150cm' 1  in  thin  (^4 pm)  GaN  epilayers  that  had 
been  implanted  with  H  '  and  annealed  near  450~C  [8]. 
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Seager  et  al.  discovered  two  lines  at  3183  and  3219  cm-1 
in  thin  GaN  layers  that  had  been  implanted  with  high 
doses  of  H+  (1-5  x  10l7cm~2)  and  annealed  at 
7>600X  [9]. 

Here  we  take  advantage  of  the  availability  of  thick 
GaN  samples  grown  by  HVPE  for  new  studies  of  the 
hydrogenated  lattice  defects.  H-containing  defects  pre¬ 
sent  in  the  as-grown  crystals  can  be  sensitively  detected. 
Further,  the  thick  GaN  samples  can  be  implanted  with  a 
smaller  local  concentration  of  H  or  D  compared  to  the 
thin  layers  studied  previously,  but  with  a  greater  total 
dose  distributed  over  the  thickness  of  the  sample,  giving 
stronger  absorption  lines  with  narrower  widths. 

The  GaN  samples  used  for  our  experiments  were  high 
quality,  % 400  pm  thick,  GaN  single-crystal  platelets 
grown  at  NEC  by  HVPE  using  a  facet-initiated  epitaxial 
overgrowth  technique  on  GaN-nucleated  sapphire  sub¬ 
strates  which  were  subsequently  removed  [10].  The 
dislocation  density  was  typically  107cm“2  and  the 
unintentional  n-type  doping  density  was 
iV])%1017cm  3.  H  ’  and  D+  were  implanted  at  multiple 
energies  through  a  0.2  mm  thick  Al  foil  into  the  GaN. 
For  H  1 ,  for  example,  27  different  energies  between  5 
and  7.6  MeV  were  used  with  a  total  dose  of 
4x  10l6cm"2,  to  produce  a  nearly  uniform  concentra¬ 
tion  of  [H]  =  3.6  x  10,scm“3  in  a  layer  110  pm  thick.  For 
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one  sample,  H+  and  D+  implantation  energies  and 
doses  were  selected  to  produce  overlapping  profiles  of  H 
and  D,  each  with  a  concentration  of  3.6  x  1018cm-3 
throughout  a  layer  1 10  jam  thick.  Samples  were  annealed 
in  flowing  N2.  IR  absorption  spectra  were  measured  at 
near  4  K,  with  resolution  0.5  cm-1,  with  a  Bomem  DA.3 
Fourier  transform  spectrometer.  The  spectra  typically 
had  oscillating  baselines  with  a  period  of  a  few  hundred 
wavenumbers  that  were  subtracted. 

An  IR  absorption  spectrum,  measured  for  a  GaN 
sample  grown  by  HVPE,  is  shown  in  Fig.  1,  spectrum 
(a),  and  reveals  five  vibrational  lines  in  the  H-stretching 
range  for  the  as-grown  crystal.  Other  GaN  crystals 
grown  by  HVPE  showed  similar  H-vibrational  lines.  To 
explore  the  origin  of  these  vibrational  lines,  HVPE  GaN 
samples  were  implanted  with  H+  or  D+  and  then 
annealed  at  successively  higher  temperatures.  Figs.  1 
and  2  show  spectra  measured  for  the  H-  and  D- 
stretching  ranges,  respectively.  The  frequencies  of  the 
vibrational  lines  are  listed  in  Table  1.  For  annealing 
temperatures  from  100°C  to  550°C  the  lines  seen 
previously  in  H  +  -  or  D  +  -implanted  GaN  by  Weinstein 
et  al.  [8]  emerged  and  sharpened,  dominating  the 
spectra.  These  H-  and  D-stretching  lines  are  marked 
with  a  in  Figs.  1  and  2  and  in  Table  1. 

For  annealing  temperatures  of  600°C  and  above,  the 
lines  seen  previously  by  Weinstein  et  al.  decreased  in 
intensity  while  a  number  of  other  vibrational  lines  with 
higher  frequencies  grew  in  strength.  Several  of  these  lines 
remained  stable  for  annealing  temperatures  up  to  900°C. 
The  two  H-stretching  lines  at  3188  and  3221  cm-1  (4K) 


Frequency  (cm'1) 

Fig.  1 .  Vibrational  spectra  (4  K)  of  HVPE  GaN.  Spectrum  (a) 
is  for  an  as-grown  sample.  Spectra  (b)-(d)  were  measured 
following  anneals  at  the  temperatures  shown  for  a  sample  that 
was  implanted  with  H+  and  annealed  isochronally  (30  min)  in 
«50°C  steps. 


Frequency  (cm'1) 

Fig.  2.  Vibrational  spectra  (4K)  of  HVPE  GaN.  Spectra  (a)-(c) 
were  measured  for  a  sample  that  was  implanted  with  D+  and 
annealed  isochronally  (30  min)  in  »50°C  steps.  Spectrum  (d) 
was  measured  for  a  sample  that  had  been  implanted  with 
overlapping  profiles  of  H+  and  D+  and  isochronally  annealed 
up  to  750°C.  Spectrum  (e)  was  measured  for  the  same  H+- 
implanted  sample  whose  spectra  are  shown  in  Fig.  1 . 


have  frequencies  similar  to  the  lines  at  3183  and 
32 19  cm-1  (300  K)  that  were  reported  previously  by 
Seager  et  al.  [9].  A  comparison  of  the  spectra  measured 
for  an  as-grown  sample  [Fig.  1,  spectrum  (a)]  with  a 
sample  that  was  implanted  with  H+  and  annealed  at 
750°C  [Fig.  1,  spectrum  (d)]  shows  that  H+  implanta¬ 
tion  produces  the  same  vibrational  lines  that  were  seen 
in  the  as-grown  samples.  The  H-stretching  lines  that 
were  seen  in  the  as-grown  samples  and  the  correspond¬ 
ing  D  lines  are  marked  with  a  4  +  *  in  Figs.  1  and  2  and  in 
Table  1. 

Several  additional  lines  are  also  present  and  are  most 
apparent  in  Fig.  2  that  shows  the  D-stretching  range. 
The  frequencies  of  the  three  sharp  lines  between  2332 
and  2351cm  1  seen  in  spectra  (b)  and  (c),  and  the 
frequencies  of  the  corresponding  H-stretching  lines,  are 
given  in  Table  1.  In  spectra  (a)  and  (b),  a  line  at 
2208  cm”1  is  seen  that  has  no  corresponding,  isotopi- 
cally  shifted  line  in  the  H-stretching  region  of  the 
spectrum. 

Weinstein  et  al.  assigned  the  H-stretching  lines  they 
found  in  GaN  that  had  been  implanted  with  H+  and 
annealed  at  «450°C  to  N-H  bonds  and  suggested  that 
these  lines  were  due  to  Vca  defects,  created  by  the 
implantation,  whose  N-dangling  bonds  were  terminated 
by  different  numbers  of  H  atoms  [8].  This  assignment 
was  based  upon  the  calculations  of  the  vibrational 
frequencies  of  VoaHn  defects  made  by  Van  de  Walle  [7] 
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Table  1 


Frequencies  of  vibrational  lines  seen  in  HVFE  GaN  that  was 
implanted  with  H~  or  D “ .  the  frequency  ratio.  (On/o>n,  is  also 
given. 


(Oh  (cm  ') 

«n  (cm  ') 

(»h/(’)d 

3025* 

2255* 

1.341 

3045* 

2271* 

1.341 

3052* 

2275* 

1.342 

3061 4 

2291 4 

1.337 

3112*'4 

2318* + 

1.343 

3139* 

2329* 

1.348 

3151 

2332 

1.351 

3161 

2344 

1.349 

3176 

2351 

1.351 

3188+ 

2370’ 

1.345 

3203 4 

23804 

1.346 

3221'*' 

2393' 

1.346 

*  Frequencies  for  lines  observed  previously  by  Weinstein  ct  al. 
for  GaN  epilayers  that  had  been  implanted  with  H  ‘  or  D  1 
(Ref.  [8]). 

1  Frequencies  for  H -vibrational  lines  observed  in  the  as- 
grown,  HVPE-GaN  samples  and  for  the  corresponding  D  lines 
observed  in  a  D’  -implanted  sample. 


(3100cm" 1  for  V(iaH  and  3470cm  1  for  V(;:IH4)  and 
also  upon  the  ratio  ron/rop  for  the  corresponding  H  and 
D  modes  which  was  found  to  be  typical  of  N-H  bonds 
( %  1.34).  Seager  et  al.  also  assigned  the  lines  at  3183  and 
3219cm“\  seen  for  GaN  that  had  been  implanted  with 
H 4  and  annealed  with  7>600~C,  to  N-H  bonds,  but  in 
this  case,  it  was  suggested  that  the  H  was  bonded  to  the 
walls  of  cavities  created  by  the  implant  and  annealing 
cycle  [9].  The  ratio  o)u/w^  is  given  in  Table  1  for  the  H- 
and  D-stretching  lines  reported  here  and  is  close  to  1.34, 
suggesting  that  all  the  H-vibrational  lines  are  due  to  the 
stretching  vibrations  of  N-H  bonds,  in  agreement  with 
the  previous  conclusions  [8,9].  (We  note  that  it  is  not 
possible  to  differentiate  between  H  bonded  to  N  or  to 
another  light  atom,  for  example  O,  because  both  the 
vibrational  frequency  and  value  of  cou/o n  would  be 
similar.) 

To  further  probe  the  rich  spectrum  of  lines  produced 
in  GaN  by  H4  implantation,  a  sample  was  implanted 
with  overlapping  profiles  of  H 4  and  D4 ,  and  annealed 
at  successively  higher  temperatures.  A  comparison  of  the 
vibrational  spectra  produced  by  the  implantation  of  D 4 
alone  and  by  overlapping  profiles  of  H4  and  D4, 
followed  by  an  anneal  at  750~C,  is  shown  in  Fig.  2, 
spectra  (c)  and  (d).  respectively.  The  presence  of  H  and 
D  in  the  GaN  sample  gives  rise  to  a  number  of 
additional  new  D-stretching  lines.  (Corresponding  new 
H  lines  were  also  seen  in  this  sample.)  This  result  shows 
that  the  vibrational  lines  that  appear  following  an 
anneal  with  7'^600'rC  are  due  to  multihydrogen 
complexes  because  these  complexes  give  rise  to  new 


lines  when  they  contain  combinations  of  both  H  and  D. 
Other  lines  seen  in  the  spectra  did  not  show  resolvable 
splittings. 

Our  results  suggest  that  H  1  implantation  followed  by 
annealing  at  temperatures  with  r<60CTC  favors  the 
formation  of  complexes  that  contain  single  (or  at  least 
fewer)  H  atoms.  Annealing  at  higher  temperatures 
favors  the  formation  of  complexes  with  multiple  H 
atoms  and  higher  vibrational  frequencies.  The  presence 
of  the  vibrational  lines  shown  in  Fig.  1  in  as-grown  GaN 
samples,  and  for  the  reduced  local  H  concentrations 
examined  here,  supports  their  assignment  to  H  trapped 
at  point  defects  rather  than  at  the  wails  of  cavities  as  was 
suggested  by  Seager  et  al.  [9],  Therefore,  we  suggest  that 
the  defects  responsible  for  the  H-  and  D-vibrational  lines 
seen  in  H-  and  D 4  -implanted  GaN  are  Voa  or 
multi-Vcia  complexes,  possibly  trapped  at  impurity  sites 
in  some  cases,  whose  N-dangling  bonds  are  terminated 
by  different  numbers  of  H  atoms.  The  vibrational  lines 
seen  in  the  as-grown  GaN  crystals  have  the  same 
frequencies  as  the  vibrational  lines  of  the  multihydrogen 
complexes  seen  for  the  later  stages  of  isochronal 
annealing  of  the  H 4  -implanted  samples,  consistent  with 
their  presence  following  crystal  growth. 

The  vibrational  line  at  2208  cm  1  is  produced  by  the 
implantation  of  D4  into  GaN  [spectra  (a)  and  (b)  in 
Fig.  2]  and  was  previously  assigned  to  a  D-stretching 
mode  [8].  For  the  H  ’  -  and  D  1  -implanted  GaN  samples 
studied  here,  it  is  clear  that  there  is  no  isotopically 
shifted  partner  that  corresponds  to  the  2208  cm"  !  line. 
Further,  the  2208cm  "1  line  is  also  produced  by  the 
implantation  of  H  4  into  the  samples  [spectrum  (e)  in 
Fig.  2].  Therefore,  the  2208  cm  1  line  cannot  be  due  to  a 
D-stretching  mode!  A  recent  example  of  another  defect 
with  a  high  vibrational  frequency  is  a  C-C  pair  that  has 
been  seen  near  1800  cm  1  in  GaAs  by  Raman  spectro¬ 
scopy  [11].  Here,  we  suggest  that  the  2208cm1  line  is 
also  due  to  a  complex  of  light,  strongly  bonded  atoms, 
with  the  obvious  possibilities  being  N,  O,  and  C.  (An  N2 
molecule  with  sufficiently  low  symmetry  in  the  wurtzite 
lattice  to  be  I R  active  is  an  interesting  possibility.)  The 
presence  of  a  strong  2208  cm' 1  line  in  the  sample 
implanted  with  H  4  and  D4  [Fig.  2,  spectrum  (d)]  is 
consistent  with  both  implantations  contributing  to  its 
intensity. 

Clerjaud  et  al.  have  discussed  the  possibility  that  there 
can  be  defects  in  GaN  with  their  transition  moments 
along  the  c-axis  of  the  sample  [12].  In  our  measurements, 
a  sample  was  turned  to  a  60'  angle  with  respect  to  the 
viewing  direction  to  produce  a  component  of  the 
polarization  of  the  exciting  light  along  the  c-direction. 
Three  new  lines  at  frequencies  of  2362,  2368,  and 
2403  cm"  1  were  observed  in  the  sample  implanted  with 
D  *  when  it  was  rotated  away  from  normal  incidence 
and,  therefore,  must  be  due  to  defects  with  their 
transition  moments  along  the  c  direction. 
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Properties  of  carbon  as  an  acceptor  in  cubic  GaN 
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Abstract 

Cubic  gallium  nitride  epilayers  were  successfully  doped  with  carbon  using  an  e-beam  evaporation  source.  Room 
temperature  Hall  measurements  revealed  hole  concentrations  up  to  6  x  10l7cm  3  and  hole  mobilities  of  200cnr/Vs. 
Low  temperature  (2K)  photoluminescence  showed  a  donor-acceptor  transition  at  3.08 eV,  which  could  clearly  be 
assigned  to  the  incorporation  of  a  carbon  acceptor.  Thermal  activation  measurements  were  performed.  They  exhibited 
an  activation  energy  of  E.\  =  215  meV  both  in  photoluminescence  and  electrical  measurements,  respectively,  (C  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Gallium  nitride  (GaN)  and  GaN-based  ternaries  are 
semiconductors  currently  in  the  focus  of  both  scientific 
and  industrial  research.  Due  to  their  large  band  gap  they 
are  well-suited  for  a  wide  range  of  applications,  e.g.  as 
light  emitters  in  the  green  to  ultraviolet  range  or  as 
photodetectors,  especially  so  for  solar-blind  sensors.  The 
perspective  of  the  use  as  sensors  is  even  more  attractive 
considering  the  mechanical  hardness  and  chemical 
stability  that  make  GaN  appear  extremely  attractive 
for  potential  devices  operating  at  high  temperatures  or 
under  adverse  conditions  [1.2]. 

GaN  possesses  two  known  crystal  phases,  wurtzite 
and  cubic.  The  latter  is  the  metastable  phase,  so  most  of 
the  progress  that  has  been  made  has  been  reported  for 
hexagonal  phase  material  [3].  However,  cubic  GaN  (c- 
GaN)  is  predicted  to  have  many  advantages  due  to  its 
higher  crystal  symmetry,  for  example  higher  carrier 
mobility  because  of  a  smaller  scattering  coefficient  and 
lower  effective  mass  [4].  Readily  available,  high-quality 
cubic  material  such  as  GaAs — which  may  be  doped  and 
sport  a  backside  contact — can  be  used  as  substrate. 
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Cleavage  facets  may  easily  be  used  as  laser  cavity 
mirrors. 

For  optoelectronic  devices,  controlled  doping  is 
essential.  P-type  doping  of  GaN  poses,  in  contrast  to 
n-type,  a  serious  challenge.  Up  to  now  magnesium  is  the 
p-type  dopant  of  choice  for  both  hexagonal  and  cubic 
GaN.  However,  several  disadvantages  of  Mg  present  a 
challenge,  so  the  usually  reported  room  temperature  free 
hole  concentration  is  in  the  upper  range  of  10* '  cm  '3.  In 
metalorganic  vapor  phase  epitaxy  (MOVPE)  grown 
GaN,  the  Magnesium  acceptor  needs  an  extra  thermal 
activation.  Mg  is  rather  volatile  and  substitutes  Ga. 
Therefore,  doping  with  Mg  necessitates  a  low  growth 
temperature  and  N  rich  conditions,  which  are  disadvan¬ 
tageous  for  the  growth  of  high-quality  epitaxial  layers 
[5,6].  Due  to  a  large  acceptor  ionization  energy,  only 
about  5%  of  the  incorporated  Mg  atoms  are  electrically 
active  at  room  temperature.  This  problem  is  exacerbated 
by  its  tendency  for  self-compensation  [7,8]. 

Carbon  presents  a  viable  alternative  to  magnesium  as 
acceptor,  when  substituting  nitrogen  [9,10].  Due  to  its 
similar  atomic  radius,  it  is  easily  incorporated  onto  an 
N  lattice  site.  In  previous  reports,  carbon  doping  of 
hexagonal  gallium  nitride  (h-GaN)  led  to  semi- 
insulating  properties  or  to  a  reduction  of  background 
electron  concentration  [11,12].  Cubic  GaN  with  p  = 
3  x  10l7cm  3  was  reported,  albeit  with  an  extremely 
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reduced  growth  rate  due  to  chlorine-induced  back- 
etching  from  CC14  used  for  doping  [13]. 


2.  Experimental 

Cubic  gallium  nitride  was  grown  by  means  of  rf 
plasma-assisted  molecular  beam  epitaxy  (MBE). 
Growth  details  are  published  elsewhere  [6].  Molecular 
nitrogen  was  used  for  N  supply.  The  substrates  were 
semi-insulating  GaAs(00  1).  Carbon  doping  was  accom¬ 
plished  by  electron  beam  evaporation  of  a  graphite  rod 
and  adjusting  the  applied  power.  The  carbon  flux  was 
calibrated  by  growing  C-doped  gallium  arsenide,  assum¬ 
ing  a  similar  sticking  coefficient  of  C  on  GaAs  and  GaN. 
Comparison  of  the  Hall  values  of  hole  concentration 
and  mobility  of  the  GaAs:C  samples  with  literature 
allowed  an  estimate  of  carbon  concentration  and 
compensation  in  our  GaAs:C  layers  [15].  As  a  result 
of  this  calculation,  a  carbon  incorporation  of 
2  x  102Ocm-3  should  possibly  be  achieved  in  GaN.  This 
was  confirmed  with  secondary  ion  mass  spectroscopy 
(SIMS),  where  indeed  a  carbon  concentration  of 
2  x  102ocm"3  was  measured. 

Photoluminescence  measurements  were  conducted 
between  2K  and  room  temperature  in  a  He  bath 
cryostat.  A  cw  HeCd  laser  (325  nm)  was  used  for 
excitation.  Neutral  density  filters  allowed  a  variation 
of  the  excitation  power  over  four  orders  of  magnitude. 
Spectra  were  recorded  with  a  resolution  of  0.2  nm.  Hall 
effect  measurements  were  performed  in  van  der  Pauw 
geometry  between  77  and  420  K.  The  magnetic  field 
measured  0.8  T,  the  samples  were  not  illuminated  during 
the  experiment. 

3.  Results  and  discussion 

The  variation  of  the  carbon  influx  has  a  profound 
influence  on  the  photoluminescence  spectra,  as  can 
readily  be  seen  in  Fig.  1.  For  moderate  carbon 
concentrations,  a  PL  band  at  E  —  3.08  eV  appears  in 
spectra  recorded  at  T  =  2K.  This  transition  is  distinctly 
different  from  the  well-known  lines  (D,  X)  that  can  also 
be  seen  at  3.27  eV  and  (D°,  A0)  at  3.16eV  [14],  As  a 
more  detailed  analysis  of  this  peak  shows,  this  actually  is 
a  convolution  of  two  separate  luminescence  lines 
separated  by  25meV  at  low  temperatures.  When 
increasing  the  temperature,  the  low-energy  contribution 
thermalizes  so  that  only  the  high-energy  PL  transition 
can  be  observed  for  temperatures  exceeding  100  K. 
Therefore,  it  seems  appropriate  to  attribute  the  lower 
line  to  a  donor-acceptor  recombination  (D°,  A°)c,  while 
the  other  is  caused  by  a  C-related  band-acceptor 
transition,  (e,A°)c.  These  two  transition  lines  were 
fitted  with  Gaussians.  The  respective  energetic  positions 


Fig.  1 .  Photoluminescence  spectra  of  differently  carbon  doped 
GaN  layers,  bottom  to  top:  nominally  undoped,  5  x  108  and 
8  x  10,ocm_2s_I. 


Fig.  2.  Observed  temperature  shift  of  near-band  edge  PL 
transitions  (squares:  excitonic  transition;  diamonds:  C-related 
band-acceptor  transition,  (e,A°)c;  triangles:  C-related  donor- 
acceptor  transition,  (D°,A°)C).  The  top  curve  denotes  the  gap 
energy  as  function  of  temperature,  the  lower  curves  are 
calculated  for  (e,  A°)c  and  (D°,A°)C  transitions,  respectively, 
using  donor  and  acceptor  energies  of  ED  =  25  meV  and 
£X  =  215meV. 


as  a  function  of  temperature  are  shown  in  Fig.  2.  The 
analysis  yielded  an  acceptor  activation  energy  of 
Ea  =  215meV,  15meV  below  that  of  the  Mg  acceptor 
in  c-GaN  [16].  It  is  also  below  the  known  values  for 
hexagonal  GaN :  C  [7].  The  full  curves  denote  the 
calculated  transitions  as  detailed,  including  a  donor 
energy  of  25meV.  This  is  the  same  ubiquitous  donor 
which  is  also  observed  in  undoped  samples  [14].  The 
variation  of  the  gap  energy,  as  lined  out  in  the  topmost 
curve,  follows  Ref.  [17]. 
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Fig.  3.  Room  temperature  Hall  effect  hole  concentration  (dots) 
and  low  temperature  PL  intensity  of  C-related  donor  acceptor 
transition  (squares)  as  function  of  carbon  flux.  The  lines  (solid 
line:  hole  concentrations,  dashed  line:  PL  intensity)  arc  guides 
to  the  eye. 


The  carbon-related  transition  increases  steadily  with 
carbon  incorporation.  As  is  visible  in  Fig.  3,  the  same  is 
true  for  hole  concentrations  up  to  a  certain  saturation 
value.  6xl017cm  *\  At  the  same  time,  the  room 
temperature  Hall  mobility  of  the  holes  is  as  high  as 
200cm2/Vs.  Variable-temperature  Hall  effect  measure¬ 
ments  (not  shown  here)  gave  a  thermal  activation  energy 
£A  =  215meV  of  the  carbon  acceptor,  which  is  in 
excellent  agreement  with  the  optical  values.  At  higher 
carbon  fluxes,  however.  Fig.  3  shows  a  drastic  reduction 
in  free  hole  concentration,  indicative  of  the  formation  of 
additional  compensating  centers.  The  nature  of  this 
compensating  mechanism  remains  unknown.  Kaufmann 
et  al.  reported  a  similar  phenomenon  for  magnesium 
doped  MOVPE  GaN  layers  with  a  maximum  hole 
concentration  of  6  x  10l7cnt  \  albeit  with  mobilities 
<20cnr/V  s  [8].  They  developed  a  model  which  involves 
self-compensation  via  the  formation  of  MgVN  pairs.  For 
GaN :  C,  it  is  tempting  to  assume  an  analogy  from 
GaAs:C.  In  this  system,  it  has  been  found  that  at  high 
doping  concentrations  a  compensating  dicarbon  com¬ 
plex  forms  [18].  This  complex  involves  a  split  interstitial, 
i.e.,  one  carbon  atom  on  an  As  lattice  site  and  another 
atom  shifted  along  the  [10  0]  direction  [19],  and  acts  as  a 
double  donor  in  GaAs.  An  explanation  along  these  lines 
might  also  account  for  a  second  interesting  observation 
in  Fig.  3:  while  the  Hall  effect  free  hole  concentration 
decreases,  there  is  still  an  increase  in  photoluminescence 
intensity  of  the  carbon-related  DAP  transition,  up  to  a 
tenfold  higher  carbon  flux.  Even  this  apparent  decrease 
has  to  be  looked  upon  with  caution.  For  high  carbon 
concentrations,  a  broad  luminescence  band  evolves 
around  2.1  eV,  and  near-gap  luminescence  is  quenched. 
Therefore,  it  is  more  helpful  to  consider  the  ratio  of  the 
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Fig.  4.  Ratio  of  C-relatecI  donor- acceptor  transition  (3.08  eV) 
and  prominent  DAP  transition  (3.15cV)  observed  in  photo- 
luminescence  at  T  =  2K  as  function  of  carbon  incorporation. 


Fig.  5.  Photolumincsccnce  intensity  of  GaN:C  with  an  esti¬ 
mated  carbon  density  of  1019cm  **  as  function  of  excitation 
intensity.  Diamonds,  dots  and  triangles  denote  the  near-band 
edge  luminescence,  the  squares  mark  the  deep  luminescence. 


(Dn,A°)c  emission  to  the  other  near-gap  lines.  The 
result  is  depicted  in  Fig.  4.  It  can  be  clearly  seen  as  to 
how'  carbon  acceptors  are  incorporated  up  to  the  highest 
experimentally  available  fluxes.  More  detailed  calcula¬ 
tions  with  respect  of  formation  rate,  activation  energies 
and  net  doping  effect  need  to  be  performed.  Raman 
measurements  will  be  employed  in  order  to  clarify  the 
nature  of  this  complex. 

The  existence  of  such  a  deep  donor  carbon  complex 
may  well  be  the  cause  of  the  deep  luminescence 
observable  in  highly  doped  GaN  layers  (cf.  Fig.  1).  This 
donor  would  lie  in  the  gap  ca.  1.15  eV  below  the 
conduction  band.  Photoluminescence  measurements 
carried  out  with  varying  excitation  intensity  at 
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T  =  2  K  clearly  show  the  localized  character  of  this  red 
luminescence,  as  can  be  seen  in  the  different  exponent  k 
in  Fig.  5.  The  near-gap  luminescence  (denoted  by 
diamonds,  triangles  and  dots,  respectively)  can  be 
described  with  a  power  law  7~L12,  in  agreement  with 
the  literature  [20].  In  contrast,  the  deep  luminescence, 
marked  by  squares,  follows  7~L0-95,  as  would  be 
expected  from  a  localized  defect. 

4.  Conclusions 

Successful  p-type  doping  of  MBE  grown  cubic 
gallium  nitride  epilayers  has  been  demonstrated.  Room 
temperature  Hall  effect  measurements  show  hole  con¬ 
centrations  up  to  6  x  1017cirT3  and  hole  mobilities  of 
200cm2/Vs.  Photoluminescence  showed  a  carbon- 
related  transition  at  E  =  3.08  eV.  With  the  help  of 
temperature-dependent  analysis,  this  line  could  be 
ascribed  to  a  donor-acceptor  transition  with  an  activa¬ 
tion  energy  £A=215meV.  This  is  less  than  the 
previously  reported  magnesium  activation  energy  and 
in  excellent  agreement  with  variable-temperature  Hall 
measurements.  At  high  carbon  concentrations,  near¬ 
edge  luminescence  quenching  due  to  the  formation  of  a 
deep  level  is  observed.  This  deep  defect  lies  1.15  eV 
below  the  conduction  band. 
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Abstract 

We  investigated  two  series  of  metalorganic  chemical-vapor-deposition-grown  AlvGai  VN  samples  with  A1 
compositions  .v  =  0.1  and  0.3  and  free  electron  concentrations  2.4  x  1017  and  5.2  x  1017cm  \  respectively.  Shallow 
and  deep  centers  were  investigated  using  electrical  characterization  methods.  Capacitance  vs.  temperature 
measurements  show  the  presence  of  a  dominant  donor  level  with  a  binding  energy  of  about  118meV  in  the  sample 
with  .v  =  0.1  and  90meV  in  the  sample  with  a*  =  0.3.  Moreover,  we  observe  a  hysteresis  in  the  capacitance-voltage 
measurements  from  the  sample  with  higher  x.  Deep-level  transient  spectroscopy  measurements  show  that  this  long  time 
relaxation  phenomenon  is  caused  by  the  presence  of  interface  defects  between  Au  and  the  AlGaN  layer,  which  become 
more  significant  with  increase  in  x.  The  high  A1  mole  fraction  creates  potential  fluctuations  at  the  surface  of  the  sample 
and  makes  the  surface  behave  as  an  interfacial  layer,  fj  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  AlGaN:  Defects;  Conductivity;  Metalorganic  chcmical-vapor-deposition-grown 


1.  Introduction 

GaN  and  its  ternary  solution  with  AIN  are  of  great 
interest  for  applications  in  optoelectronics  and  high- 
temperature/high-power/high-frequency  electronics  [1,2]. 
When  undoped,  AlGaN  layers  tended  to  be  n-type,  and 
it  was  the  high  concentration  of  these  unintentional 
donor  defects  that  prevented  AlGaN  from  being  used  to 
manufacture  practical  devices  for  many  years.  Recent 
advances  in  growth  techniques  of  AlGaN  films  have 
dramatically  reduced  the  concentration  of  the  uninten¬ 
tional  donors  [3],  Yet,  residual  defects  remain  very  much 
an  issue,  and  their  origin  is  unclear.  They  have  often 
been  attributed  to  nitrogen  vacancies  [4],  So  far,  few 
investigations  of  localized  centers  in  AlGaN  have  been 
reported.  A  comprehensive  study  using  optical  measure¬ 
ments  of  electrically  and  optically  active  defects  in 
AlGaN  layers  in  a  wide  range  of  compositions  was 
reported  in  Ref.  [5].  However,  much  work  must  still  be 
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done  in  order  to  understand  the  influence  of  point 
defects  on  the  electrical  properties  of  AlGaN. 

In  this  work,  we  report  results  from  electrical 
measurements  on  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)-grown  Al.vGaj  -.VN  samples  with  A1 
content  x  =  0.1  and  0.3.  We  observe  a  dominant  donor 
level  and  show  that  its  activation  energy  depends  on  the 
A1  mole  fraction.  In  samples  with  a*  =  0.3,  we  argue  that 
the  surface  is  rough  due  to  the  rather  high  A1  mole 
fraction  and  therefore,  they  behave  as  interfacial  layers 
with  defects  which  induce  a  long-time  relaxation  in  the 
samples. 


2.  Experimental 

Epitaxial  layers  of  AlvGai  VN  were  grown  on  GaN 
substrates  by  the  EMCORE  Corporation  using 
MOCVD.  The  thickness  of  the  layers  was  about 
1.6  pm.  Two  samples  labeled  sample  1  and  sample  2 
with  A1  molar  fraction  a*  =  0.1  and  0.3,  respectively, 
were  investigated.  The  free  electron  concentrations 
obtained  by  Hall  measurements  were  2.4  xlO17  and 
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5.2  x  1017cm~3  in  the  two  samples,  respectively.  The 
samples  were  cleaned  with  organic  solvents  before 
evaporating  the  metal  contacts  in  a  vacuum  chamber. 
For  Ohmic  contacts,  A1  was  evaporated  on  the  AlGaN 
layer,  which  was  subsequently  annealed  at  750°C  for 
1  min.  Au  was  evaporated  on  the  AlGaN  layer  as  a 
Schottky  contact.  Conventional  current-voltage  (/  —  V) 
and  capacitance-voltage  (C  -  V)  measurements  were 
used  to  investigate  the  Schottky  diodes  and  a  standard 
deep-level  transient  spectroscopy  (DLTS)  setup,  to 
characterize  deep  defects.  The  capacitance  of  the  diodes 
was  also  measured  as  a  function  of  the  temperature  at 
various  frequencies. 


3.  Results  and  discussion 

We  measured  the  capacitance  variation  as  a  function 
of  temperature  at  different  AC  frequencies  in  the 
samples.  Fig.  1  shows  the  capacitance  vs.  temperature 
spectra  measured  at  100  kHz  with  a  bias  of  0  V  for 
samples  1  and  2.  After  a  smooth  decrease  between  room 
temperature  and  approximately  160K,  the  capacitance 
drops  abruptly  to  a  level  at  which  it  remains  at  lower 
temperatures.  A  corresponding  drop  of  capacitance 
occurs  at  a  lower  temperature  in  sample  2.  The  C  —  V 
measurements  indicate  that  the  samples  are  not  com¬ 
pletely  depleted  at  80  K  since  the  capacitance  still 
changes  with  reverse  bias.  Hence,  we  deduce  that  the 
abrupt  decrease  in  capacitance  is  not  due  to  a  complete 
freeze-out  of  free  carriers.  From  conductance  vs. 
temperature  measurements  (not  shown),  we  observe  a 
peak  at  low  temperature  in  both  the  samples.  The 


Fig.  1.  Capacitance  vs.  temperature  measured  at  100  kHz  (a) 
from  sample  1  and  (b)  from  sample  2.  The  capacitance  has  been 
normalized  to  its  value  at  room  temperature. 


position  of  this  peak  is  shifted  to  a  lower  temperature  in 
sample  2.  The  temperature  at  which  the  conductance 
peak  is  observed  corresponds  to  the  inflection  point  in 
the  capacitance  vs.  temperature  spectra.  The  activation 
energies  deduced  from  the  plots  of  log (w/T2)  vs.  1  /T, 
where  co  is  the  angular  frequency  of  the  AC  signal  and  T 
the  temperature,  are  90  and  llOmeV  for  the  two 
samples,  respectively. 

From  the  I  —  V  measurements,  we  calculated  the 
Schottky  barrier  height  =  0.9  for  sample  1  and  1.5  eV 
for  sample  2,  respectively,  as  described  in  Ref.  [6].  For 
sample  1,  the  value  of  the  barrier  height  agrees  with 
Schottky’s  rule:  #b  =  -  X,  while  for  sample  2,  the 

value  is  lower  than  that  predicted  by  this  rule. 

In  Fig.  2,  we  show  a  C-F  plot  for  sample  2.  The 
reverse  voltage  was  scanned  from  0  to  4.5  V  (curve  a) 
and  after  waiting  for  30  min,  the  voltage  was  scanned 
back  from  4.5  to  0  V  (curve  b).  The  capacitance 
decreases  with  increasing  reverse  bias  as  expected  for  a 
Schottky  diode.  However,  it  is  important  to  notice  that 
there  is  a  hysteresis  between  the  two  curves.  If  one  keeps 
the  reverse  bias  applied  to  the  diode  constant,  then  the 
capacitance  increases  slowly  until  it  reaches  a  saturation 
value.  The  relaxation  time  is  longer  at  lower  tempera¬ 
tures.  The  C  —  V  curves  measured  in  sample  1  did  not 
exhibit  a  significant  hysteresis. 

Fig.  3  shows  the  DLTS  spectra  measured  from 
samples  1  and  2.  For  these  measurements,  a  reverse 
bias  of  2  V  and  a  filling  pulse  of  1  V  were  used.  Under 
these  conditions,  the  investigated  area  is  far  from  the 
interface  which,  however,  may  slightly  contribute  to  the 
signal.  It  is  clear  that  the  DLTS  signal  is  larger  in  sample 
2  than  in  sample  1 .  In  addition,  the  signal  is  broad  and 
does  not  shift  in  temperature  when  the  rate  window  is 


Fig.  2.  C  -  V  plots  from  sample  2:  (a)  from  0  to  4.5  V;  (b)  from 
4.5  to  0  V.  The  dotted  arrow  corresponds  to  a  waiting  time  of 
30  min. 
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Fig.  3.  DLTS  spectra  for  (a)  sample  1  and  (b)  sample  2. 
Reverse  bias  was  2  V  and  filling  pulse  1  V. 


changed  as  a  signal  related  to  a  single  energy  level 
should  do.  Rather,  it  behaves  as  a  signal  arising  from  a 
continuum  of  energy  levels  in  the  band  gap.  for  instance, 
interface  states.  In  Figs.  4  (a)  and  (b)  we  show  the  DLTS 
spectra  from  samples  1  and  2.  respectively,  measured 
using  a  reverse  bias  of  2  V  and  a  filling  pulse  of  2  V.  The 
larger  filling  pulse  ensures  that  the  investigated  area 
includes  the  interface  between  the  metal  and  the 
semiconductor.  While  the  amplitude  of  the  DLTS  signal 
of  sample  1  is  similar  to  the  case  of  Fig.  3,  it  increases 
significantly  for  sample  2.  Since  the  interface  is  included 
in  the  investigated  area,  we  deduce  that  the  defects 
responsible  for  the  observed  signal  have  a  higher  density 
at  the  interface  for  sample  2.  Therefore,  we  assign  the 
observed  signal  to  a  continuum  of  interface  defects. 

The  admittance  spectroscopy  measurements  clearly 
show  the  presence  of  a  dominant  donor  level.  The 
magnitude  of  the  decrease  in  capacitance  suggests  that 
this  is  a  dominating  donor  level.  According  to  the  C  -  V 
measurements  performed  at  low  temperature,  the 
samples  are  still  conductive  after  this  donor  level 
becomes  neutral.  Hence,  we  deduce  that  this  is  not  the 
shallowest  donor  in  the  samples.  Alternatively,  it  might 
be  the  shallowest  donor  level  in  which  case,  there  must 
be  hopping  conductivity  at  low  temperatures  in  the 
samples.  From  the  present  data,  it  is  difficult  to  conclude 
about  the  origin  of  the  electrical  conductivity  of  AIGaN 
at  low  temperatures.  The  activation  energy  of  the 
dominating  donor  level  is  lower  in  the  sample  with 
higher  A1  content  (sample  2).  This  may  explain  why  the 
electron  concentration  is  higher  in  this  sample  at  room 
temperature. 

The  DLTS  measurements  strongly  suggest  the  pre¬ 
sence  of  a  continuum  of  energy  levels  at  the  interface 
with  higher  density  in  sample  2.  We  believe  that  the  high 


Fig.  4.  DLTS  spectra  from  (a)  sample  1  and  (b)  sample  2. 
Reverse  bias  was  2  V  and  filling  pulse  2  V. 


A1  content  results  in  a  perturbed  and  rough  surface 
causing  these  states.  The  potential  fluctuation  model 
proposed  by  Werner  and  Guttler  [7]  in  a  study  of  PtSi/Si 
diodes  predicts  that  a  deformation  of  spatial  barrier 
distribution  on  inhomogeneous  Schottky  contacts  may 
cause  the  difference  in  the  values  of  4>b  determined  by 
I  -  V  measurements.  Their  model  seems  to  be  appro¬ 
priate  for  the  interpretation  of  the  difference  of  the  <Pb 
values  of  AIGaN  in  our  study.  The  surface,  thus,  acts  as 
an  interfacial  layer,  which  lowers  the  barrier,  as  pointed 
out  in  the  model  of  Bardeen  [8],  This  would  explain  why 
we  measure  a  lower  value  of  <Pb  than  that  predicted  by 
Schottky’s  rule  in  sample  2.  The  situation  is  different  for 
sample  1  since  it  has  a  lower  A1  content.  The  continuum 
of  energy  levels  in  the  band  gap  within  this  interfacial 
layer,  which  to  some  extent  is  similar  to  a  MIS  structure, 
is  also  responsible  for  the  long-time  relaxation  observed 
in  the  C  —  V  plots.  We  do  not  believe  that  the  reason  for 
a  low  value  of  <Z>h  in  our  samples  with  high  A1  content  is 
a  usual  interfacial  layer,  that  is  an  oxide  layer  or  a 
damaged  surface.  If  this  were  the  case,  samples  with  low 
,v  should  also  exhibit  the  same  behavior. 


4.  Conclusion 

Au/AlGaN  Schottky  diodes  were  characterized  using 
electrical  methods  for  x  =  0.1  and  0.3.  We  observed  a 
dominating  donor  level  with  activation  energy  depen¬ 
dent  on  the  A1  mole  fraction.  It  is  deeper  in  the  sample 
with  less  Al  content,  which  may  explain  the  lower  free 
electron  concentration  at  low  temperature  in  this 
sample.  A  barrier  height  lower  than  that  predicted  by 
Schottky’s  rule  was  measured  in  the  sample  with  .y  = 
0.3,  and  the  C  -  V  characteristics  exhibit  a  hysteresis 
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due  to  a  long  time  relaxation  process.  The  DLTS 
measurements  reveal  the  presence  of  a  continuum  of 
energy  levels  in  the  band  gap  at  the  interface.  The 
density  of  these  states  is  higher  in  the  sample  with  higher 
A1  content.  We  attribute  the  lowering  of  the  barrier  in 
the  sample  with  higher  A1  content  to  spatial  fluctuations 
of  #b  at  the  surface  caused  by  the  high  A1  content.  The 
surface  is,  therefore,  rough  and  behaves  as  an  interfacial 
layer,  which  pins  the  Fermi  level.  Charging  of  this  layer 
has  a  long  time  constant  and,  therefore,  it  is  responsible 
for  the  hysteresis  observed  in  the  C  -  V  characteristics. 
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Abstract 

The  migration  of  monatomic  hydrogen  in  crystalline  silicon  is  governed  by  three  potential  energy  surfaces 
corresponding  to  the  three  possible  charges  states  of  hydrogen.  The  H°  and  H  1  surfaces  have  minima  at  the  bond- 
centre  site  (BC)  and  give  rise  to  a  donor  state,  whereas  the  H  surface  has  minimum  at  the  interstitial  tetrahedral  site  (T) 
giving  rise  to  an  acceptor  state.  We  review  the  current  experimental  status  regarding  these  surfaces.  The  BC-donor  and 
the  T-site  acceptor  are  found  to  exist  in  two  closely  related  forms,  which  we  explain  by  a  distortion  of  the  energy- 
surfaces  when  hydrogen  is  trapped  in  the  silicon  lattice  at  the  nearby  interstitial  oxygen.  We  show  how  this  oxygen 
distortion  acts  as  a  catalyst  for  the  conversion  from  H  at  T  sites  to  H 4  at  BC  sites  and  retards  the  migration  of  H ' 
through  BC  sites,  i  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Deep  levels;  Silicon;  Hydrogen:  Oxygen 


1.  Introduction 

The  structure  of  isolated  monatomic  hydrogen 
embedded  in  crystalline  silicon  has  been  examined 
theoretically  by  several  groups  [1].  The  consensus  has 
emerged  that  the  embedded  hydrogen  may  exist  in  three 
charge  states:  H  ,  H°,  and  H  .  The  total  energy  surface 
of  the  negative  charge  state  has  minima  at  tetrahedral 
interstitial  sites  (T)  of  the  silicon  crystal,  whereas  the 
neutral  and  positive  charge  states  have  minima  at  bond- 
centre  sites  (BC).  The  migration  of  hydrogen  is  governed 
by  these  surfaces.  Experimentally,  we  may  visualise  this 
in  terms  of  potential  energy  curves  connecting  the 
neighbouring  BC  and  T  sites  in  configuration  space.  In 
the  present  contribution,  we  collect  the  available 
experimental  data  regarding  the  monatomic  hydrogen 
structures  in  silicon.  We  show'  that  the  configuration 
potentials  of  all  three  charge  states  become  distorted  in 
the  vicinity  of  an  interstitial  oxygen  impurity  in  the 
silicon  crystal  and  discuss  the  consequences  of  this  for 
hydrogen  migration  at  low  temperature. 
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2.  The  configuration  potentials 

The  Fermi-level  position  determines  the  energetically 
most  favourable  charge  state  of  monatomic  hydrogen  in 
silicon.  According  to  theory  [1]  this  implies  that 
negatively  charged  hydrogen  at  or  near  the  interstitial 
tetrahedral  site  is  the  most  stable  configuration  in  n-type 
material.  We  denote  this  configuration  H“(T).  Similarly, 
the  configurations  with  neutral  or  ionised  hydrogen  at 
the  bond-centre  site  are  denoted  by  Hn(BC)  and 
H  (BC).  The  total  energy  of  H°(BC)  exceeds  that  of 
H  (T)  in  n-type  silicon.  However,  H°(BC)  may  still 
coexist  with  H  (T)  as  a  metastable  configuration  at  low' 
temperature.  This  metastable  hydrogen  defect  gives  rise 
to  a  donor  level  defined  by  the  emission  process 
Hn(BC)~>  H~  (BC)  +  ec.  All  the  features  mentioned  are 
well  established  theoretically  and  experimentally.  The 
donor  emission  signal  is  known  from  capacitance 
spectroscopy,  and  the  barrier  for  the  conversion 
H°(BC)~>H  (T)  has  been  established  from  the  anneal¬ 
ing  of  this  signal.  Fig.  1  depicts  the  complete  configura¬ 
tion  scheme  of  monatomic  hydrogen  as  it  emerges  when 
all  the  available  experimental  data  are  used  for  its 
construction.  It  contains  the  basic  features  outlined 
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Fig.  1.  Configuration  diagram  for  the  three  charge  states  of 
isolated  and  oxygen-perturbed  monatomic  hydrogen  in  the 
silicon  lattice.  The  zero  of  the  energy  scale  has  been  chosen  to 
be  equal  to  the  total  energy  of  neutral  hydrogen  at  the  bond- 
centre  position. 


above  and  includes  a  set  of  potential  curves  indicating 
how  these  curves  may  be  affected  for  hydrogen  in  the 
strain  field  of  interstitial  oxygen.  A  configuration  scheme 
similar  to  that  of  Fig.  1  has  been  introduced  earlier  [2]. 
In  this  scheme,  the  FT  curves  were  tentative.  With  new 
data  available  regarding  the  acceptor  states  we  review 
the  main  points  in  the  construction  of  the  configuration 
potentials  and  quantify  the  scheme  further.  We  shall 
anticipate  the  conclusions  and  denote  the  oxygen 
perturbed  minimum-energy  configurations  H_(T)— 0„ 
H0(BC)-O„  and  H+(BC)-0,, 

In  the  previous  work  [2]  the  dynamic  properties  of  the 
H(BC)  and  H(BC)-0,  donor  centres  were  examined  by 
the  application  of  deep  level  transient  spectroscopy 
(DLTS).  The  characteristics  related  to  the  formation  of 
H(BC)  and  H(BC)-0,  are  particularly  relevant  and  may 
be  summarised  as  follows.  Both  centres  are  abundant 
after  low-temperature  proton  implantation  giving  rise  to 
two  signals,  denoted  by  E3'  and  E3",  observed  when 
DLTS  is  applied  in  situ  to  as-implanted  samples.  The 
H(BC)  and  H(BC)-0,  centres  are  always  present  after 
implantation  into  the  depletion  layer  of  a  reverse-biased 
diode.  However,  they  are  almost  indistinguishable  as  far 
as  their  electronic  properties  (i.e.  their  DLTS  signals)  are 
concerned  but  can  be  discerned  on  the  basis  of 
characteristic  differences  in  their  formation  and  anneal¬ 
ing  properties.  A  key  point  for  the  assignment  of  oxygen 
to  the  perturbed  centre  is  that  H+(BC)-0,  converts  to 
H+(BC)  in  oxygen-poor  material,  whereas  in  oxygen- 
rich  material  the  reverse  process  occurs.  A  quantitative 
analysis  of  these  thermal  processes  fixes  the  barrier  for 
jumps  between  adjacent  H+(BC)  configurations  to 
about  0.44  eV  and  shows  that  H+(BC)-0;  is  stabilised 
by  an  additional  energy  of  about  0.29  eV  relative  to 
the  H+(BC)  as  indicated  in  the  diagram.  As  a 
consequence  of  the  perturbation  the  H(BC)- 0,- 
centre  should  have  a  lower  symmetry  than  the  H(BC) 
centre.  We  have  confirmed  this  by  the  application  of 


Fig.  2.  Laplace  DLTS  spectra  revealing  the  trigonal  symmetry 
of  the  centre  associated  with  the  E3'  signal,  and  lower  symmetry 
of  the  centre  associated  with  the  E3"  signal  (inset). 


uniaxial-stress  DLTS.  Fig.  2  depicts  the  preliminary 
stress  data.  The  split  pattern  of  the  E3'  emission  signal 
reveals  the  expected  trigonal  symmetry  of  H(BC), 
whereas  the  spitting  under  (100)  stress  of  the  E3" 
signal  into  two  components  indicates  a  lower  (mono- 
clinic-I)  symmetry  as  expected  for  HCBQ-O,.  In  the 
diagram  (Fig.  1)  the  H+  +  ec  total  energy  curves  are 
fixed  relative  to  the  H°(BC)  point.  The  almost  equal 
activation  energies  of  E3'  and  E3"  (0.175  eV)  are 
reflected  by  an  equal  separation  at  BC  and  BC(O)  of 
the  H°  and  H+  curves. 

To  place  the  H~  curves,  we  note  [2]  that  when  the 
bias  is  removed  at  low  temperature  (<70K)  the  E3" 
signal  disappears  instantaneously  while  the  E3'  is 
unaffected.  If  the  temperature  is  raised  to  120K  then 
also  E3'  disappears  swiftly.  However,  the  total  strength 
of  the  original  E3'  +  E3"  signal  can  be  recovered.  The 
tracking  of  charge  accumulated  in  the  deletion  layer 
shows  that  both  centres  prior  to  the  recovery  have  been 
converted  temporarily  into  negative  singly  charged 
centres  which  anneals  at  ~250K.  If  we  assume  that 
these  hidden  centres  can  be  identified  with  the  occupied 
acceptor  states  of  near  T-site  hydrogen,  H^(T)  and 
H~(T)-0„  we  may  expect  the  annealing  to  be  triggered 
by  thermal  electron  emission  from  these  states.  The 
emission  may  then  be  observed  as  a  capacitance 
transient  at  temperatures  slightly  below  250  K.  Since 
E3'  4-  E3"  completely  dominates  the  DLTS  spectra  and 
can  be  recovered  fully  from  the  hidden  centres,  we  may 
expect  a  substantial  signal,  large  enough  to  be  detected 
as  a  single-shot  capacitance  transient.  As  depicted  in 
Fig.  3,  such  capacitance-transient  measurement  allowing 
for  long  decay  times  does  indeed  reveal  the  emission. 
The  transient  shown  has  been  recorded  with  an  oxygen- 
rich  hydrogen-implanted  diode  with  about  55%  of  the 
implants  initially  present  as  H(BC)  and  the  rest  as 
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Fig.  3.  Single-shot  capacitance  transient  at  242  K  revealing  two 
components  AT'  and  AT".  As  inset,  the  Arrhenius  analysis  of 
AT"(V)  and  AT'(A).  The  data  (•)  of  Refs.  [3,4]  have  been 
included. 


H(BC)-0,.  Both  centres  were  first  converted  into  the 
negative  hidden  centres  by  bias-removal  at  1 1 0  K.  The 
capacitance  transient  was  then  recorded  after  reapplica¬ 
tion  of  the  bias  at  242  K.  As  can  be  seen  the  transient 
consists  of  two  exponential  components  of  about  55% 
and  45%  intensity.  We  ascribe  the  fast  decay  (55%)  to 
electron  emission  from  H~(T)  and  label  it  AT'.  The  slow 
decay  (45%)  is  analogously  ascribed  to  emission  from 
H“(T)-0,  and  labelled  AT".  These  assignments  are 
based  on  the  following  observations:  (1)  The  negative 
centres  can  be  (partially)  recovered  after  the  application 
of  a  filling  pulse  and  a  second-shot  transient  recorded. 
This  second-shot  transient  is  still  composed  of  AT'  and 
AT".  However,  now  AT"  dominates.  (2)  For  samples 
prepared  so  that  essentially  only  H~(BC)-0,  is  present 
initially,  the  fast  component  AT'  is  absent  in  the  first- 
shot  transient. 

From  the  transients  AT'  and  AT"  measured  at 
different  temperatures  we  derive  the  Arrhenius  plots 
depicted  as  an  inset  in  Fig.  2.  We  note  the  agreement 
over  many  decades  between  our  AT"  data  and  those 
obtained  by  Johnson  et  al.  [3,4].  The  linear-regression 
analysis  yields  the  activation  AH"  =  0.79  +  0.03  eV  for 
the  emission  from  H“(T)-0,,  and  AH'  =  0.65 ±0.10 eV 
for  the  emission  from  H  (T).  The  electron  emission 
enthalpies  found  for  H“(T)-0,  and  H~(T)  exceed  those 
of  the  corresponding  BC  donor  states  in  accordance 
with  the  expected  negative-U  property. 

The  negative-U  property  implies  that  H0(BC)-O;  and 
subsequently  H~(BC)-0„  are  swiftly  formed  after 
thermal  electron  emission  from  H“(T)-0,.  In  accor¬ 
dance  with  this  the  AT"  transient  should  have  twice  the 
amplitude  of  the  E3"  transient.  We  find  that  the  AT" 
amplitude  is  larger  than  that  of  E3"  but  only  by  a  factor 
of  about  1.5.  We  note  that  the  barrier  (0.79  eV)  for  the 


emission  from  H  (T)-O,  is  larger  than  the  barrier 
(0.73  eV)  for  release  of  hydrogen  from  H~(BC)-0,,  as 
indicated  by  the  H^  potential  showrn  in  Fig.  1  and 
discussed  above.  As  a  result  the  two-step  emission  H  -► 
Hn  +  e  -»H!  +  2e‘  from  the  T(O)  site  is  followed  by 
leakage  of  hydrogen  away  from  the  BC(O)  site  which 
accounts  at  least  partly  for  the  amplitude  loss. 

According  to  the  diagram  the  energy  of  H0(BC)-O(  is 
lowered  to  about  0.3  eV  w'ith  respect  to  the  regular  sites. 
This  supports  our  anticipation  that  the  emission  from 
H(T)-0,  is  followed  by  a  swift  transformation  to 
H(,(BC)-0,  so  the  first  emission  step  may  define  an 
acceptor  level  as  the  energy  difference  between 
H^BQ-O^+e,-  and  H~(T)-0,  in  the  usual  sense.  For 
this,  we  obtained  the  barrier  for  capture  into  H~(T)-0, 
from  H0(BC)-O,+ec.  This  barrier  (about  O.lleV)  is 
included  in  the  H°  potential  (Fig.  1)  and  subtracted  from 
the  AT"  activation  energy  to  fix  the  H  (T)-O,  point  in 
the  diagram  corresponding  to  an  acceptor  level  at 
0.68  +  0.08 eV  below  the  conduction  band. 

For  the  solution-site  H~(T)  the  situation  is  more 
complicated.  We  obtained  an  activation  enthalpy  AH  of 
about  0.65  eV  but  must  use  indirect  arguments  to 
estimate  the  level  position.  As  mentioned  earlier,  we 
found  that  repeating  the  transient  causes  the  H“(T)-Oy 
signal  dominate.  This  indicates  that  the  solution-site 
activation  enthalpy  is  actually  the  barrier  against  the 
release  of  hydrogen  from  H~(T)  to  migrate  as  H° 
through  T  sites.  This  migration  may  proceed  swiftly  as 
has  been  shown  [2],  and  is  indicated  in  the  diagram  by 
the  small  barrier  between  adjacent  T  sites.  Most  of  the 
released  hydrogen  eventually  traps  at  the  oxygen- 
perturbed  BC  sites  as  H~(BC)— O,  in  the  depletion  layer 
of  a  reverse-biased  diode  at  low  temperature.  The 
consequence  of  the  analysis  is  that  the  concept  of  an 
acceptor  level  defined  as  the  energy  difference  between 
H°(BC)  +  ec  and  H~(T)  looses  its  meaning  in  practical 
terms,  since  it  cannot  be  realised  experimentally.  Never¬ 
theless,  we  may  obtain  an  estimate  for  the  total  energy  of 
H“(T).  The  activation  enthalpy  for  H°(BC)->H°(T)  is 
known  (0.295  eV),  and  the  barrier  has  been  estimated  for 
the  reverse  process  H°(T)->  H°(BC)  to  be  -0.2eV.  Both 
are  included  in  the  H°  potential  [2].  Furthermore,  the 
swift  diffusion  observed  under  carrier  injection  [2] 
indicates  a  very  small  barrier  of  <0.1  eV  for  migration 
of  Hn  through  T  sites.  In  combination  with  the  measured 
activation  enthalpy  these  figures  show  that  the  total 
energy  of  H“(T)  is  0.40-0.60 eV  lower  than  that  of 
H°(BC)  +  ec.  This  concludes  the  construction  of  the 
configuration  diagram. 


3.  Low-temperature  migration 

With  the  configuration  scheme  at  hand  we  may  now 
quantify  the  properties  of  low-temperature  hydrogen 
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migration.  There  are  four  essential  points  to  make,  (i) 
The  barrier  for  migration  of  the  neutral  species  H°  in  the 
open  areas  of  the  lattice  through  T  sites  is  extremely  low. 
This  is  confirmed  theoretically  by  several  authors  [1], 
and,  in  particular,  by  recent  molecular  dynamics 
simulations  [5,6],  (ii)  the  barrier  for  jumps  of  H°  from 
a  T  sites  to  a  BC  site  is  considerable.  This  point  is  still 
debated  [3,4,7]  and  is  crucial  for  the  path  of  low- 
temperature  migration,  (iii)  the  strain  field  around 
defects  (here  oxygen  impurities)  influences  the  stability 
of  hydrogen  at  BC  and  T  sites,  and  (iv)  the  inversion  of 
the  donor  and  acceptor  levels  of  monatomic  hydrogen 
combined  the  effective  negative-U  behaviour  of  hydro¬ 
gen  at  the  perturbed  site. 

The  characteristic  migration  cycle  involving  the 
trapping  and  mobilisation  of  hydrogen  at  low  tempera¬ 
ture  is  revealed  clearly  by  the  in  situ  DLTS  data. 
Typically,  after  implantation  at  60  K  into  the  depletion 
layer  of  a  reverse  biased  diode  build  on  n-type  silicon, 
the  original  signal  E3'  +  E3"  associated  with  H+(BC) 
and  H+(BC)-0,  accounts  for  >80%  of  the  implanted 
protons.  After  low-temperature  zero-bias  annealing  of 
these  signals  total  recovery  can  be  achieved  by 
illumination  of  the  annealed  sample  while  under 
reverse-bias.  In  this  case,  the  restored  signal  is  practi¬ 
cally  all  E3"  which  accounts  for  all  of  the  original  signal 
or  even  more.  Also,  the  original  E3'  signal  can  be 
recovered.  This  happens  when  the  forward-bias  injection 
of  holes  is  applied  to  p  +  n-samples.  In  this  case,  E3,;  is 
not  recovered.  However,  the  remaining  strength  of  the 
original  signal  can  be  recovered  as  E3"  when  subse¬ 
quently  the  reverse-bias  illumination  is  applied.  The  E3' 
recovery  is  accompanied  with  long-range  diffusion  even 
at  65  K,  whereas  long-range  diffusion  (i)  is  not  observed 
in  connection  with  the  E3"  recovery.  With  reference  to 
the  configuration  scheme  we  explain  the  long-range 
diffusion  during  injection  as  a  result  of  the  continuous 
generation  of  H°(T)  resulting  in  a  steady-state  popula¬ 
tion  of  swiftly  moving  H°  species  that  eventually  convert 
to  metastable  H°(BC).  Also,  the  illumination  generates 
highly  mobile  H°  at  T  sites.  However,  because  of  the 
reverse  bias  these  species  convert  to  H+(BC)-0,  as  soon 
as  the  oxygen  strain-field  is  encountered.  Due  to  the 
barrier  (ii)  this  happens  effectively  without  forming 
H+(BC)  via  H°(BC).  The  H+(BC)-0,  is  bound  by 
0.73  eV  (iii).  As  a  consequence,  H+  will  be  released  to 
diffuse  and  drift  via  BC  sites  (and  oxygen  perturbed  BC 
sites)  at  around  245  K,  and  will  eventually  be  swept  out 
by  the  electrical  field  of  the  junction,  in  accordance  with 
previous  studies  of  hydrogen  mobility  [8].  When 
hydrogen  is  kept  as  H-(T)-0,  the  migration  sets  in  at 
a  slightly  higher  temperature.  This  indicates  that  the 
annealing  is  initiated  and  essentially  controlled  by  the 
electron  emission  H-^H°  +  e~.  The  negative-U  prop¬ 
erty  (iv)  then  ensures  a  rapid  conversion  to  the  H  + 
diffusion  stage. 


The  present  studies  apply  to  low  temperature  and  high 
oxygen  content.  The  experimental  evidence  presented  in 
Fig.  3  indicates  that  the  deeper  of  the  two  hydrogen 
centres  found  may  correspond  to  the  acceptor  state 
observed  by  Johnson  et  al.  [3,4].  The  two  experiments 
have  much  in  common.  In  both  cases  monatomic 
hydrogen  is  released  from  traps  by  illumination  under 
bias  and  converted  to  H“  by  the  application  of  a 
flooding  pulse.  In  our  case,  the  hydrogen  source  is 
oxygen-trapped  hydrogen,  whereas  the  source  in  the 
experiment  [3,4]  is  the  compensated  shallow  donor.  The 
main  differences  are  that  the  temperatures  of  illumina¬ 
tion  and  signal  recording  are  lower  in  our  case. 
Considering  this  similarity,  and  the  consistency  of  the 
combined  Arrhenius  analysis  (Fig.  3)  we  suggest  that  the 
two  sets  of  data  may  have  the  same  origin  and  conclude 
that  the  oxygen-perturbed  sites  may  play  a  significant 
role  in  the  migration  scenario  even  at  room  temperature. 
The  crucial  point  is  the  height  of  the  barrier  opposing 
the  transformation  H°(T)->H°(BC)  as  compared  to 
the  barrier  for  jump  between  adjacent  T  sites.  With 
~  1018  Oj  cm"3  we  find  that  a  barrier  difference  as  low  as 
0.15eV  would  be  sufficient  to  produce  primarily 
H“(T)-0,  by  the  illumination-flooding  cycle  at  room- 
temperature  designed  [3,4]  to  release  hydrogen  from  the 
compensated  donors.  For  this  to  be  true  also  for  oxygen- 
poor  material  (10,6OiCm-3)  the  barrier  difference  must 
be  larger  (0.25-0.3  eV).  Such  large  barrier  difference 
would  comply  with  the  barrier  for  the  process 
^°(T)  ->  (0.38  eV)  reported  in  a  recent  muonium 

study  [9]  and  with  the  small  barrier  (0.5-0.15  eV)  for  H° 
migration  obtained  by  molecular  dynamics  simulations 
[5,6].  The  simulations  also  foresee  the  trapping  near 


Fig.  4.  The  formation  of  a  carbon-hydrogen  centre  in  carbon- 
rich  Si  (V).  Compared  to  the  formation  the  H(BC)-0,  centre 
in  oxygen-rich  Si  (A).  Laplace  spectra  obtained  after  zero-bias 
annealing  (1 10  K)  of  as-implanted  samples  and  after  subsequent 
illumination  (75  K)  are  shown.  The  carbon  centre  is  analogous 
to  the  oxygen  centre  and  denoted  by  H(BC)-CS  accordingly. 
See  Ref.  [11]  for  details. 
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interstitial  oxygen  at  strained  BC  sites  forming  weakly 
bound  hydrogen-oxygen  structures.  The  existence  of 
such  weakly  bound  structures  has  been  revealed  by  the 
identification  of  local  vibration  modes  [10]. 

Finally,  we  mention  that  the  presence  of  substitu¬ 
tional  carbon  in  the  samples  may  overrule  the  effect 
of  oxygen.  Fig.  4  depicts  recent  data  obtained  by  in 
situ  Laplace  DLTS  for  float-zone  samples  with 
1x10  Cscm"3  after  implantation  of  hydrogen  at  low 
temperature.  The  data  show  that  the  H(BC)-0,  donor 
is  heavily  suppressed  in  favour  of  a  dominating 
analogous  carbon-perturbed  hydrogen  donor.  This 
donor  transforms  during  zero-bias  annealing  to  a 
carbon-hydrogen  acceptor  [11],  which  is  stable  at  room 
temperature.  The  H(T)-0,  acceptor  is  suppressed 
correspondingly  and  the  migration  properties  of  hydro¬ 
gen  may  be  affected. 


4.  Concluding  remarks 

We  have  shown  that  T  sites  in  the  proximity  of 
interstitial  oxygen  act  as  trapping  centres  for  H  in  the 
same  way  as  the  BC  sites  with  oxygen  nearby  act  as 
trapping  centres  for  H°  and  H  +  .  We  concluded  that  the 
thermal  electron  emission  initiates  the  escape  of  hydro¬ 
gen  from  the  T-site  traps.  We  obtained  the  acceptor  level 
of  oxygen-perturbed  monatomic  hydrogen  and  demon¬ 
strated  its  negative-U  property.  We  concluded  that  the 
presence  of  oxygen-perturbed  centres  plays  a  crucial  role 
for  migration  of  hydrogen  at  or  below  room  tempera¬ 
ture.  The  interstitial  oxygen  retards  the  migration  of  H  1 
and  acts  as  a  catalyst  for  the  conversion  of  hydrogen 
from  T  sites  to  BC  sites. 
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Abstract 

We  have  observed  the  donor  (Ec  -  0.22  eV)  and  acceptor  ( Ec  -  0.16eV)  levels  related  to  hydrogen-carbon  complexes 
in  silicon.  The  donor  level  is  only  detected  at  low  temperatures  after  proton  implantation.  This  hydrogen-carbon 
complex  irreversibly  reconfigures  at  temperatures  above  225  K  to  a  configuration  characterized  by  the  acceptor  level, 
which  is  stable  up  to  room  temperature.  The  same  acceptor  level  is  also  observed  after  atomic  hydrogen  diffusion.  We 
have  used  Laplace  transform  deep  level  transient  spectroscopy  (DLTS)  to  show  the  influence  of  uniaxial  stress  on  the 
electron  emission  process  and  the  effect  of  the  stress-induced  alignment  for  the  acceptor  state.  The  pattern  of  the 
Laplace  DLTS  peak  splittings  indicate  a  trigonal  symmetry  of  the  defect.  First  principles  calculations  were  carried  out 
on  the  hydrogen-carbon  defects  with  a  view  of  determining  their  electrical  levels  and  stress  response  for  comparison 
with  the  experimental  results.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.B;  71.55.C;  71.70.F 

Keywords:  Hydrogen-carbon  pair;  Silicon;  Uniaxial  stress;  Laplace  DLTS 


Hydrogen  and  carbon  atoms  are  two  of  the  most  There  is  some  controversy  about  the  donor/acceptor 

common  unintentional  impurities  in  silicon.  Usually,  properties  of  the  energy  levels  related  to  hydrogen 

carbon  is  incorporated  into  the  crystals  during  growth,  bound  to  substitutional  carbon  in  silicon  [2].  In  deep 

while  hydrogen  is  introduced  during  subsequent  tech-  level  transient  spectroscopic  (DLTS)  measurements,  the 

nological  processes.  Hydrogen  atoms  form  complexes  charge  state  of  the  defect  is  not  determined  directly, 

with  structural  defects  and  impurities,  which  for  shallow  However,  in  most  cases,  the  value  of  the  directly 

donors  and  acceptors  can  result  in  their  passivation,  i.e.,  measured  carrier  capture  cross-section  can  indicate  the 

a  disabling  of  their  electrical  activity  in  the  crystal.  In  the  charge  of  the  defect.  Henry  and  Lang  [3]  showed  that  for 

case  of  the  initial  electrically  inactive  iso-valent  sub-  Coulombically  attractive  centres  the  carrier  capture 

stitutional  carbon  impurity,  the  hydrogen-carbon  pair  cross-section  is  expected  to  be  10“ 14  cm2,  while  one 

formation  results  in  the  appearance  of  electronic  energy  can  expect  this  value  to  be  between  10-16  and  10“ 15  cnT 

levels  in  the  silicon  band  gap  [1].  for  a  neutral  defect  and  <10_17cm2  for  a  repulsive 

centre.  Alternatively,  the  observation  of  the  Poole- 
*  Corresponding  author.  Fax:  +44-161-200-4770.  Frenkel  effect  (barrier  lowering  in  the  depletion  field 

E-mail  address:  andersen@fs4.ee.umist.ac.uk  (O.  Ander-  and  consequent  enhancement  of  the  emission  rate) 
sen).  is  indicative  of  a  charged  defect.  However,  an 
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enhancement  of  the  emission  rate  as  a  function  of  field 
must  be  interpreted  with  care  as  other  mechanisms 
(tunnelling  and  impact  ionization)  can  produce  qualita¬ 
tively  similar  effects  from  neutral  as  well  as  charged 
centres  [4,5].  In  this  study,  two  different  energy  levels 
related  to  hydrogen-carbon  pairs  in  n-type  silicon  are 
reported  and  according  to  the  above  criteria  they  have 
been  assigned  to  the  donor  and  acceptor  levels.  For  the 
acceptor  level,  a  complete  piezospectroscopic  analysis 
has  been  performed  and  the  results  compared  with 
theoretical  modelling. 

The  samples  used  for  this  study  wrere  prepared  from 
20 Q-cm  float  zone  n-type  silicon  doped  with  ~1017 
carbon  atoms  cm  \  All  the  samples  were  cut  from  the 
same  wafer  with  a  (110)  surface  orientation  in  the 
shape  of  1x2x7  mm  blocks  with  the  longest  sample 
edge  along  one  of  the  major  crystallographic  directions 
((100),  (110)  and  (111)).  Hydrogen-carbon 
complexes  were  produced  by  either  proton  implantation 
at  70  K  under  a  reverse  bias  with  the  energy  of 
~ 525 keV  and  a  dose  of  ~5x  109cm  2  or  by  wet 
chemical  etching  at  room  temperature  (HN03  and  HF 
in  the  ratio  10:1).  Czochralski  grown  20Q-cm  n-type 
silicon  samples  were  implanted  with  protons  under  the 
same  conditions  as  the  carbon-rich  samples  for  direct 
comparison.  Gold  Schottky  diodes  were  formed  for 
DLTS  measurements. 

We  have  applied  the  technique  of  high  resolution 
Laplace  DLTS  [6]  in  combination  with  uniaxial  stress  to 
carry  out  a  piezospectroscopic  analysis  of  the  observed 
hydrogen-carbon  complexes.  The  stress  partially  lifts 
the  spatial  degeneracy  of  the  defect  which  results  in  a 
splitting  of  the  defect  energy  level.  Assuming  a  random 
distribution  of  defects  in  non-equivalent  orientations, 
the  number  of  split  lines  and  their  intensity  ratios  reflect 
the  symmetry  class  of  the  initial  charge  state  of  the  given 
defect.  The  relative  shifts  of  the  total  energies  of  the  non¬ 
equivalent  orientations  with  respect  to  the  applied  stress 
have  been  determined  by  applying  the  stress  at 
sufficiently  high  temperature  to  reach  thermodynamic 
equilibrium,  and  then  quickly  cooling  the  sample  to  the 
measured  temperature.  Subsequently,  the  occupancies  of 
the  non-equivalent  orientations  have  been  evaluated, 
and  the  relative  energy  shifts  have  been  obtained  from 
Boltzmann  statistics.  The  charge  state  of  the  complex 
during  the  alignment  process  is  controlled  by  the  bias 
applied  to  the  sample. 

Zero  stress  Laplace  DLTS  spectra  obtained  below 
103  K  after  proton  implantation  reveal  two  peaks  of 
comparable  concentration  in  the  carbon-rich  samples. 
One  of  these  peaks  is  also  seen  in  the  oxygen-rich 
samples  and  can  be  assigned  to  overlapping  donor  levels 
of  isolated  bond  centred  hydrogen  (E3')  and  bond 
centred  hydrogen  perturbed  by  interstitial  oxygen  (E3") 
as  previously  discussed  [7].  The  other  peak  only  appears 
in  the  carbon-rich  samples.  We  label  it  CH,.  Fig.  1 


•  CH,  (implantation) 


Fig.  1.  Arrhenius  plots  for  the  electron  emission  from  CH, 
(circles)  ancl  CHn  (squares)  measured  by  Laplace  DLTS. 
Activation  enthalpies  AH  and  pre-exponential  factors  /?r,  are 
given. 


shows  the  Arrhenius  plot  for  the  electron  emission  from 
CHj  yielding  the  activation  enthalpy  A//*0.22eV  and 
the  apparent  (intercept)  electron  capture  cross-section 
2x  10  14  cm2  obtained  from  the  pre-exponential 
factor.  The  pre-exponential  factor  is  similar  to  the  values 
obtained  for  the  well-established  donor  levels  E3'  and 
E3".  The  ionization  process  for  CH,  is  influenced  by  the 
electric  field  in  the  space  charge  region,  and  the  observed 
field  dependence  complies  with  the  three-dimensional 
Poole -Frenkel  effect  expected  for  an  electron  trapped  by 
a  positively  charged  centre  [4].  We  conclude  that  CH,  is 
a  singly  charged  donor. 

Several  properties  concerning  the  microscopic  struc¬ 
ture  of  CH,  have  been  established.  A  direct  comparison 
with  the  oxygen-rich  samples  shows  that  CH,  behaves 
dynamically  like  E3",  i.e.,  bond  centred  hydrogen 
perturbed  by  interstitial  oxygen  [7].  Uniaxial  stress 
measurements  did  not  allow  us  to  establish  the  exact 
symmetry  class  of  CH,,  but  we  can  conclude  that  the 
centre  has  lower  than  trigonal  symmetry.  Finally,  the 
CH,  complex  irreversibly  converts  to  another  hydrogen- 
carbon  complex  after  zero  bias  annealing  at  225  f<f  (see 
below).  These  observations  are  all  consistent  with  an 
atomic  configuration  SiH,KSiCs  in  which  hydrogen  is 
bond  centred  between  two  silicon  atoms  located  as  the 
first  and  second  nearest  neighbour  to  the  substitutional 
carbon  atom. 

The  disappearance  of  CH,  in  the  Laplace  spectrum 
after  zero  bias  annealing  at  225  K  is  accompanied  by  the 
appearance  of  another  hydrogen-carbon  related  peak 
labelled  CH,,.  The  conversion  ratio  between  CH,  and 
CH,,  is  practically  1:1,  indicating  that  CH,  reconfigures 
to  CH,,  by  local,  thermally  activated  jumps  of  hydrogen 
around  carbon.  CH,,  is  stable  at  room  temperature  and 
is  also  observed  in  the  etched  samples.  The  Arrhenius 
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plots  for  the  electron  emission  from  CHn  (Fig.  1) 
confirm  that  the  levels  observed  after  implantation 
followed  by  annealing  and  after  atomic  diffusion  of 
hydrogen  are  identical.  In  both  cases  the  activation 
enthalpy  is  A//^0.16eV.  The  electric  field  dependence 
of  the  emission  process  for  CHn  was  studied  under 
exactly  the  same  experimental  conditions  as  for  CH^  No 
field  dependence  was  observed.  Direct  capture  measure¬ 
ments  using  the  filling-pulse  method  yielded  an  electron 
capture  cross-section  for  CHn  of  on  ~2  x  10-16  cm~  with 
no  measurable  energy  barrier  for  the  capture  process. 
From  the  lack  of  field  dependence  and  the  value  of  the 
electron  capture  cross-section,  we  conclude  that  CHn  is 
a  deep  acceptor.  This  is  supported  by  the  pre-exponen¬ 
tial  factor  of  the  Arrhenius  plots  for  the  emission 
process  (Fig.  1),  which  is  almost  two  orders  of  magni¬ 
tude  smaller  for  CHn  than  for  CHj. 

We  have  carried  out  a  detailed  piezospectroscopic 
analysis  of  the  CHn  complex.  Fig.  2  shows  Laplace 
DLTS  spectra  of  CHn  measured  at  85  K  under  uniaxial 
stress  along  the  <  1  1  1  >  direction.  The  spectra  have  been 
obtained  with  stress  increments  of  0.025  GPa  from  zero 
stress  up  to  0.5  GPa.  It  can  be  seen  that  CHn  splits  into 
two  components,  which  move  linearly  with  the  applied 
stress.  The  amplitude  ratio  for  the  split  lines  is 
approximately  3:1,  and  their  amplitudes  sum  up  to 
the  value  for  the  unstressed  sample.  In  a  similar  way, 
the  Laplace  DLTS  peak  splits  into  two  components 
with  amplitude  ratio  1:1  for  stress  along  the  <110) 
direction,  while  no  line  splitting  is  observed  for  the 
<100)  stress  direction.  This  splitting  pattern  estab¬ 
lishes  the  trigonal  symmetry  of  the  CHn  complex 
in  agreement  with  the  results  reported  by  Kamiura 
et  al.  [8,9]. 


Fig.  2.  Laplace  DLTS  spectra  of  the  electron  emission  at  85  K 
from  the  CHn  complex  under  uniaxial  stress  along  the  <  1 1  1  > 
direction.  The  spectra  have  been  obtained  from  zero  stress 
(nearest  to  the  front)  up  to  0.5  GPa  with  stress  increments  of 
0.025  GPa.  The  two  peaks  originating  from  non-equivalent 
orientations  of  the  CHn  complex  are  reliably  resolved  for 
stresses  above  0.3  GPa. 


The  effect  of  stress  on  the  defect  total  energy  for  a 
given  charge  state  can  be  found  from  the  relation  A E  = 
where  e,y  are  the  components  of  the  strain  tensor 
and  By  are  the  components  of  the  corresponding 
piezospectroscopic  tensor.  For  a  trigonal  defect  stressed 
along  the  <111)  direction,  the  difference  in  the 
total  energy  between  the  two  non-equivalent  orienta¬ 
tions  of  degeneracy  1  and  3  is  given  by 
AF(1)  -  A£(3)  =  4522^44^/3,  where  S44  is  a  component 
for  the  silicon  elastic  compliance  tensor  (S44  = 
12.56  x  10-3  GPa^1),  P  is  the  stress  (P<0  for  compres¬ 
sive  stress),  and  B2 2  is  the  trigonal  component  of  the 
piezospectroscopic  tensor.  The  trigonal  component  B22 
describes  how  the  total  energy  of  the  defect  changes 
when  the  defect  is  subjected  to  a  stress  along  the  tri¬ 
gonal  axis,  i.e.,  the  <111)  direction.  The  value  of 
AF(1)  —  AF(3)  for  the  two  charge  states  of  the  CHn 
complex  has  been  obtained  by  evaluating  the  relative 
occupancies  of  the  two  non-equivalent  orientations  after 
applying  stress  at  ~  330  K  for  sufficient  time  to  reach  the 
steady-state  condition.  From  this  analysis,  we  obtain 
B22  =  -5.3  eV  for  the  negatively  charged  centre  (no  bias 
applied  during  the  alignment)  and  B22  =  -1.9eV  for  the 
neutral  centre  (reverse  bias  applied  during  the  align¬ 
ment).  The  negative  value  of  B22  shows  that  the  total 
energy  of  the  CHn  complex  is  increased  by  compressive 
stress  applied  along  the  trigonal  axis  of  the  defect.  We 
conclude  that  the  relaxation  of  the  CHn  complex  along 
the  trigonal  axis  is  outward. 

Theoretical  modelling  has  been  performed  to  investi¬ 
gate  our  hypothesis  that  the  Ec  —  0.22  eV  donor  level 
(CH^  relates  to  the  SiHBCSiCs  configuration  of  the 
hydrogen-carbon  pair.  Local  density  functional  theory 
using  both  cluster  and  supercell  geometries  with  a 
Gaussian  basis  set  [10,11]  has  been  applied.  It  has  been 
found  that  the  calculated  donor  level  of  SiHBCSiCs  lies 
at  Ec  -  0.21  eV,  i.e.  very  close  to  the  observed  value  for 
the  CHr  level.  Further  indirect  evidence  also  exists  for 
the  assignment  of  CHT  with  SiHBCSiCs,  as  this  structure 
has  previously  been  observed  in  proton-implanted 
material  by  Hoffmann  et  al.  [12]  by  infrared  absorption. 
As  in  the  present  work,  it  was  observed  by  Hoffmann 
et  al.  that  the  SiHBCSiCs  configuration  (responsible  in 
our  case  for  the  donor  level  CHj)  disappears  after 
annealing  at  ~  225  K. 

The  microscopic  picture  of  the  configuration  respon¬ 
sible  for  the  acceptor  state  CHTI  is  somewhat  ambig¬ 
uous.  Both  SiHBCCs  (bond  centred  hydrogen  adjacent  to 
the  carbon)  and  SiCsHAB  (hydrogen  anti-bonded  to  the 
carbon)  have  a  trigonal  symmetry  and  are  predicted  by 
our  calculations  to  possess  acceptor  levels  close  to  that 
observed  for  CHn  as  shown  in  Table  1.  However,  the 
calculated  piezospectroscopic  parameters  of  SiCsHAB  in 
the  neutral  and  negative  charge  states  are  in  closer 
agreement  with  those  observed  by  defect  alignment 
(Table  1).  The  calculated  formation  energies  for  the 
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Table  1 

Theoretical  values  of  the  acceptor  levels  and  the  piczospectro- 
scopic  parameters  related  to  two  different  trigonal  configura¬ 
tions  of  the  hydrogen-carbon  pair  compared  to  the 
experimental  values.  The  electrical  levels  are  calculated  with 
an  error  of  +  0.2eV.  while  the  theoretical  stress  behaviour  is 
accurate  to  ~20% 


Theory  (eV) 

SiH, k-Cs  SiCsHAI, 

Experiment  (eV) 

CH„ 

(-10)  Level 

0.15 

0.33 

0.16±0.01 

Bn  (negative) 

-6.0 

-4.8 

-5. 3  +  0. 2 

B22  (neutral) 

-4.5 

-2.8 

-1.9  +  0. 2 

SiH  b('Cs  and  SiCsHAB  configurations  in  the  negative 
charge  state  were  found  to  be  similar  (within  the 
calculation  error).  As  a  result,  despite  the  fact  that  the 
measured  piezospectroscopic  parameters,  when  com¬ 
pared  to  the  theoretical  values  for  both  configurations, 
might  favour  the  SiCsHA„  assignment  this  is  far  from 
conclusive.  However,  the  convergence  of  the  experi¬ 
mental  and  theoretical  results  strongly  support  the 
assignment  of  the  acceptor  level  to  either  SiH,JCCs  or 
SiCsHAB  and  due  to  the  similarities  of  the  formation 
energies  it  seems  likely  that  the  trigonal  centre  observed 
by  us  is  a  mixture  of  both  configurations. 

In  summary,  two  hydrogen-carbon  related  electrical 
levels  have  been  observed  in  proton  implanted  n-type 
silicon.  The  first  of  these,  the  low  symmetry  donor  CHh 
we  assign  to  hydrogen  trapped  between  two  silicon 
atoms  perturbed  by  a  nearby  substitutional  carbon 
atom.  The  second  centre,  the  trigonal  acceptor  CHn,  we 


assign  to  hydrogen  bonded  directly  to  subsitutional 
carbon. 
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Abstract 

We  suggest  a  structural  model  for  the  formation  of  hydrogen-induced  (111)  platelets  in  Si.  We  calculate  the 
formation  energies  of  various  platelet  structures  using  the  first-principles  pseudopotential  method  within  the  local- 
density-functional  approximation.  The  formation  mechanism  involves  a  structural  transformation  from  a  double-layer- 
H*  structure  into  an  H-saturated  Si(l  1  1)  internal  surface  structure  with  H2  molecules  generated  in  the  platelet  void. 
We  also  examine  the  energetics  of  the  H-saturated  Si(l  1  1)  internal  surface  structures  with  various  densities  of  H2 
molecules,  and  find  an  abrupt  increase  of  the  internal  pressure  built  up  in  the  void.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  61.72.Bb;  61.72.Cc;  61.72.Nn 
Keywords:  Silicon;  Hydrogen;  Platelets 


Hydrogen-induced  platelets  of  a  few  tens  of  nan¬ 
ometers  have  been  observed  in  heavily  hydrogenated 
silicon  crystals  [1].  These  platelets  are  basically  extended 
planer  defects  with  orientations  along  the  crystalline 
planes  of  (100)  and  (1  1  1)  [1-3].  Experiments  have 
confirmed  that  the  platelets  consist  of  Si-H  bonds,  but 
their  atomic  structure  is  still  a  subject  of  interest. 

To  explain  the  structure  and  formation  mechanism  of 
the  (111)  platelets,  several  experimental  and  theoretical 
studies  have  been  done.  Recent  theoretical  calculations 
suggested  that  in  the  (1  1  1)  platelets,  an  (1  1  1)  mono- 
layer  of  Si  vacancies  is  decorated  by  H  atoms,  forming 
the  so-called  V  platelets  [4].  High-resolution  transmis¬ 
sion  electron  microscopy  (HRTEM)  images  showed  that 
H  atoms  saturate  the  broken  bonds  between  adjacent 
(111)  planes,  suggesting  an  H-saturated  internal  (1  1  1)- 
surface  structure  ([2Si-H]„)  [5].  Based  on  H*  aggregates, 
Zhang  and  Jackson  examined  various  structural  models 
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such  as  single-layer-H*  ([H J]*),  staggered-[H?]^,  and 
double-layer-H*  ([H*]^)  structures,  and  suggested  that 
the  [H*]^  structure  is  favorable  for  the  (111)  plate¬ 
lets  [6]. 

In  this  work,  we  study  various  (111)  platelet 
structures  in  Si,  and  propose  a  structural  model  for  the 
formation  of  the  (1  1  1)  platelets,  where  the  [Hj]^ 
structure  [see  Fig.  1(a)]  is  initially  formed  and  eventually 
transformed  into  the  [2Si-H]„  structure,  with  H2 
molecules  accumulated  in  the  interstitial  region  of  the 
platelet  [see  Figs.  1(b)— (d)].  We  also  investigate  the 
dependence  of  lattice  dilation  along  the  [111]  direction 
on  the  density  of  H2  molecules  in  the  platelet  void. 

The  total  energies  are  calculated  using  the  first- 
principles  pseudopotential  method  within  the  local- 
density-functional  approximation  (LDA)  [7].  The  wave 
functions  are  expanded  in  a  plane-wave  basis  set  with  a 
kinetic  energy  cutoff  of  25  Ry.  Details  of  the  method 
have  been  given  elsewhere  [8], 

We  calculate  the  formation  energies  for  various  (111) 
platelet  structures  as  a  function  of  lattice  dilation  along 
the  [111]  direction  (see  Fig.  2).  Among  the  three  H* 
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<C)  |2Si-H|ri  With  H;  Ul>  [2Si-H|(  with  H, 

(p= !  .57x10’ Vcnr)  (p=  1 ,96x  1 O' Venn 

Fig.  1.  The  atomic  geometries  of  the  (a)  [H?]”  and  [2Si  H]„ 
structures  with  (b)  one.  (c)  two.  and  (d)  three  H:  molecules  per 
two  Si-H  bonds. 


Dilation  length  (A) 

Fig.  2.  The  formation  energies  of  various  platelet  structures 
plotted  as  a  function  of  dilation  length. 


aggregates,  the  [H*],?  structure  is  lowest  in  energy.  With 
zero  dilation,  vacancy-related  [VH^,,  and  [V2H2]„ 
structures  [4].  where  vacancy  layers  are  decorated  by  H 
atoms,  are  found  to  be  more  stable  than  the 
staggered-[H*];),  [H*]J^,  and  [2Si-H]„  structures.  The 
energy  of  the  [V2H2]„  structure  is  lower  by  about  0.4  eV 
than  for  the  structure,  and  this  energy  is  nearly 

independent  of  dilation  length.  However,  as  the  dilation 
length  increases,  the  vacancy-related  structures 
become  less  stable,  because  the  energies  of  the  [H?]^ 


and  [2Si-H]„  structures  decrease  very  rapidly.  In 
addition,  since  it  requires  very  high  activation  energies 
of  2.5-5  eV  [4],  the  [H*]”  structure  is  considered  to  be 
energetically  more  favorable  than  the  structure 

for  small  dilation  lengths.  In  fact,  the  (1  1  1)  platelets 
have  been  observed  predominantly  in  H-plasma  treated 
samples,  where  the  concentrations  of  vacancies  and 
interstitials  are  extremely  low  [1].  At  a  dilation  length  of 
2.2  A,  the  [2Si-  H]„  structure  is  stabilized  against  the 
[H*]}/*  structure,  with  almost  no  interactions  between  the 
two  facing  H  planes.  As  the  lattice  is  expanded  further 
above  2.7  A,  the  [2Si-H]„  structure  becomes  less  stable 
than  the  [H*])*  structure. 

The  [2Si-H]„  structure  is  extremely  unstable  for  small 
lattice  dilations  because  of  the  repulsive  interactions 
between  the  two  facing  Si-H  bond  layers.  When  H2 
molecules  are  accumulated  in  the  void  region  of  the 
[2Si-H]„  structure,  the  formation  energy  is  slightly 
reduced.  When  the  [2Si-H]„  structure  contains  an  H2 
molecule  per  two  Si-H  bonds,  it  has  the  same  number  of 
H  atoms  as  the  [H*],?  structure,  with  the  molecule 
concentration  of  7.83  x  1014  cm-2.  This  [2Si-H]„  struc¬ 
ture  with  H2  molecules  in  the  void  is  found  to  be 
lowest  in  energy  for  lattice  dilations  above  1.7  A,  as 
shown  in  Fig.  2.  In  this  case,  our  LDA  calculations  show 
that  the  energy  difference  between  the  [2Si-H]„  structure 
with  H2  molecules  and  the  [H*]^  structure  is  just  a 
few  tens  of  meV  for  dilation  lengths  around  2  A. 
With  increasing  the  kinetic  energy  cutoff  to  64  Ry, 
we  find  that  the  GGA  calculations  give  the  energy 
difference  of  about  0.1  eV  at  a  dilation  length  of  2.3  A, 
which  is  slightly  increased,  as  compared  to  the  LDA 
results.  In  the  GGA  calculations,  we  calculate  the 
dilation  length  of  1.6  A,  where  the  [2Si-H]„  structure 
with  H2  molecules  becomes  more  stable  than  the  [H*]^ 
structure,  similar  to  the  LDA  estimate.  Thus,  we 
conclude  that  the  LDA  calculations  describe  correctly 
the  energetics  of  various  H-induced  (111)  platelet 
structures  considered  here. 

Based  on  our  calculations,  we  address  that  the 
formation  of  the  (1  1  1)  platelets  is  accompanied  with 
the  structural  transformation  from  the  [H*]^  structure 
into  the  [2Si-H]„  structure  with  H2  molecules,  which  is 
derived  by  increasing  the  lattice  dilation.  In  this  process, 
the  activation  energy  is  calculated  to  be  about  1.8  eV  [8]. 
The  [2Si-H]„  structure  with  H2  molecules  in  the  platelet 
void  is  consistent  with  recent  HRTEM  measurements, 
which  exhibited  the  structure  of  atomic  ledges  on  the 
(1  I  1)  plane  with  broken  bonds  [5].  The  HRTEM 
images  also  revealed  a  step  structure  in  the  (111) 
platelets  [5].  When  the  [H?]^  structure  is  transformed 
into  the  [2Si-H]„  structure  with  H2  molecules,  one  of  the 
two  broken  layers  in  the  [H*]J?  structure  is  recrystallized. 
If  this  recrystallization  occurs  in  different  broken  layers 
in  different  regions,  a  step  structure  will  be  naturally 
formed. 
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Fig.  3.  The  (a)  formation  energies  and  (b)  internal  pressures  of 
the  [2Si-H],;  structures  with  various  densities  of  H2  molecules  in 
the  platelet  void  plotted  as  a  function  of  dilation  length,  (c)  The 
equilibrium  dilation  lengths  at  zero  pressure  drawn  for  various 
densities  of  H2  molecules. 


From  the  derivative  of  the  total  energy  with  respect  to 
dilation  length,  we  can  estimate  the  pressure  built  up  in 
platelets.  At  zero  dilation  length,  the  [H*],?  structure 
experiences  an  internal  pressure  of  about  14  GPa  along 
the  [111]  direction.  For  the  [2Si— H]„  structure  without 
H2  molecules,  the  calculated  internal  pressure  is  zero  at 
a  dilation  length  of  about  2.3  A.  When  the  [H|]° 
structure  has  one  H2  molecule  per  two  Si-H  bonds,  zero 
internal  pressure  occurs  at  2.6  A. 

We  also  examine  the  energetics  and  pressures  of  the 
[2Si-H]„  structures  with  various  densities  (p)  of  H2 
molecules  in  the  platelet  void.  The  calculated  formation 
energies  and  internal  pressures  are  plotted  as  a  function 
of  dilation  length  in  Figs.  3(a)  and  (b).  For  molecule 
densities  up  to  p  =  1.57  x  1015  cm-2,  H2  molecules  are 
arranged  in  a  single  layer  in  the  void  of  the  [2Si-H]„ 
structure,  as  shown  in  Figs.  1(b)  and  (c);  each  molecule 
is  positioned  near  a  tetrahedral  site  in  the  [2Si-H]„ 
structure.  In  this  case,  the  calculated  formation  energies 
are  found  to  be  similar,  almost  independent  of  p,  and  the 


equilibrium  dilation  lengths,  where  internal  pressures 
are  zero,  are  close  to  2.5  A  [see  Fig.  3(c)].  For 
p  =  1.57  x  1015  cm-2,  the  [2Si-H]„  structure  has  one 
H2  molecule  per  Si-H  bond,  and  H2  molecules 
occupy  all  the  tetrahedral  sites  in  a  single  layer. 
Here,  the  shortest  distance  between  two  neighboring 
tetrahedral  sites  is  calculated  to  be  2.35  A,  while  the 
average  inter-molecular  distance  is  about  2.37  A.  This 
small  difference  between  the  two  cases  is  due  to  the 
slight  shift  of  the  molecular  positions  from  the 
tetrahedral  sites.  As  H2  molecules  are  further  inserted 
in  a  single  layer  of  the  void,  the  inter-molecular  distance 
is  shortened,  and  the  single  layer  configuration  is  no 
longer  stable. 

For  p  =  1.96  x  1015  cm-2  with  three  H2  molecules  per 
two  Si-H  bonds,  we  find  that  H2  molecules  are  arranged 
in  multi-layers  [see  Fig.  1(d)],  not  in  a  single  layer, 
although  the  molecule  layers  cannot  be  defined  clearly  in 
this  configuration.  The  dilation  length,  where  the 
formation  energy  has  a  minimum  value,  is  increased 
abruptly  to  about  6.3  A,  as  shown  in  Fig.  3(c).  Such  an 
abrupt  increase  is  originated  from  the  single-layer  to 
multi-layer  transition  of  the  H?  molecules  in  the  platelet 
void.  This  result  indicates  that  as  the  number  of  H2 
molecules  increases  in  the  void,  the  two  facing  hydro¬ 
genated  layers  in  the  [2Si-H]„  structure  repell  each  other 
due  to  the  increase  of  internal  pressure.  Then,  the 
formation  energy  tends  to  increase,  as  illustrated  in 
Fig.  3(a). 

Electron  microscopy  studies  combined  with  conti¬ 
nuum  elasticity  theory  showed  that  applied  stress  is 
1.05  GPa  for  dilation  lengths  of  3  +  1  A  [5].  In  our 
calculations,  when  the  internal  pressure  is  1  GPa,  the 
calculated  dilation  lengths  lie  in  the  range  of  2. 2-2. 4  A 
for  the  densities  of  H2  molecules  up  to  p  =  1.57  x 
1015  cm-2.  For  p  =  1.96  x  1015  cm-2,  where  H?  mole¬ 
cules  are  arranged  in  multi-layers,  the  dilation  length  at 
a  pressure  of  1  GPa  is  calculated  to  be  4.2  A.  Thus,  we 
suggest  that  the  densities  of  H?  molecules  lie  in  the  range 
of  1.57-1.96  x  1015  cm-2  for  experimentally  measured 
internal  pressures  [5],  We  point  out  that  the  [111] 
platelets  contain  not  only  the  H2  molecules  generated  by 
the  structural  transformation  from  the  [H*]^  structure 
into  the  [2Si-H]„  structure  but  also  extra  molecules 
diffused  from  the  Si  bulk  region. 

In  HRTEM  measurements  [1,5],  the  dilation  length 
was  shown  to  be  smaller  than  1  A,  while  our  calculated 
value  is  2.4  A  at  zero  pressure  for  the  [2Si-H];!  structure 
without  H2  molecules.  When  samples  are  cut  for 
HRTEM  measurements,  since  H?  molecules  can  be 
extracted  from  the  void,  the  dilation  length  may  be 
reduced.  In  this  case,  cutting  the  platelets  may  remove 
the  H  atoms  in  the  [2Si-H]„  structure,  recovering  the  Si- 
Si  bonds.  Thus,  HRTEM  images  may  measure  just  the 
elongated  Si-Si  bonds  along  the  [111]  direction.  How¬ 
ever,  behind  the  cross-sectional  surface,  the  [2Si-H]„ 
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structure  still  exists,  with  the  elongated  Si-Si  bonds  at 
the  surface. 

In  conclusion,  we  find  that  the  H-induced  (111) 
platelets  are  formed  by  a  structural  transformation  from 
the  [H*]^  structure  to  the  [2Si-H]„  structure,  accom¬ 
panied  with  the  generation  of  H2  molecules  in  the  void 
region.  The  [H*]^  structure,  which  is  energetically  most 
favorable  in  perfect  Si.  is  more  stabilized  as  the  lattice  is 
expanded,  which  reduces  the  internal  pressure.  Since  the 
[2Si-H]„  structure  with  H2  molecules  is  stabilized 
against  the  [H?]?  structure  for  dilation  lengths  larger 
than  1.7  A,  the~[H*],r/  structure  is  eventually  transformed 
into  the  [2Si-H]„  structure  with  H2  molecules  generated 
in  the  void. 


This  work  is  supported  by  the  supercomputing  center 
in  KISTI. 
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Abstract 

We  apply  a  new  development  of  density  functional  perturbation  theory  to  study  the  vibrational  properties  of 
hydrogen-containing  complexes  in  silicon.  A  conjugate  gradient  algorithm  within  the  SIESTA  package  is  used  to  relax 
the  atomic  structure  of  the  complexes.  Then,  the  dynamical  matrix  of  the  entire  supercell  is  computed  analytically  and 
diagonalized,  leading  to  a  complete  vibrational  spectrum.  Results  for  hydrogen  dimers,  IEb,  VH„  (n  =  1,2, 3,4)  and 
V2H6  defects  are  presented.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  71.15.— m;  71.55.Gn;  63.20.Pw 

Keywords :  Local  vibrational  modes;  Silicon;  Hydrogen 


1.  Introduction 

Hydrogen  binds  covalently  in  the  immediate  vicinity 
of  many  impurities  and  defects  and  this  gives  rise  to  a 
number  of  local  vibrational  modes  (LVMs)  well 
separated  from  the  bulk  phonon  spectra  [1].  The 
calculation  of  accurate  LVMs  at  the  ab  initio  level  is  a 
challenge,  as  it  provides  a  critical  link  between  theory 
and  experiment.  Typical  accuracies  in  the  calculated 
vibrational  modes  are  within  3-10%  of  experimental 
data,  which  means  in  some  cases  a  deviation  of  over 
100  cm-1. 

Most  authors  calculate  frequencies  within  the  frozen 
phonon  approximation.  Conventional  first-principles 
codes  are  used  to  compute  the  total  energy  of  the 
system  in  the  equilibrium  configuration  and  for  small 
displacements  of  selected  atoms  [2-6].  We  propose  here 
a  different  approach,  based  on  the  density  functional 
perturbation  theory  (DFPT)  [7,8].  In  most  cases,  the 
comparison  of  the  calculated  and  measured  vibrational 
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frequencies  is  very  favorable,  improving  on  the  results 
obtained  by  other  techniques. 


2.  Methodology 

We  use  the  fully  self-consistent  ab  initio  SIESTA  code 
[9,10].  The  electronic  energy  is  obtained  from  density- 
functional  theory  (DFT)  [11,12]  within  the  local  density 
approximation.  The  exchange-correlation  potential  is 
that  of  Ceperley-Alder  [13].  The  electronic  wave 
function  is  expressed  in  terms  of  a  linear  combination 
of  pseudoatomic  orbitals.  In  the  present  work,  a  double 
zeta  basis  is  used  to  describe  the  valence  electrons;  two 
sets  of  s  and  p’s  on  Si,  two  s’s  and  one  set  of  p’s  on  H. 
The  host  crystal  is  represented  by  a  periodic  supercell  of 
64  Si  atoms  with  A>point  sampling  reduced  to  F  point. 

In  order  to  determine  the  equilibrium  structure  of  the 
defects  studied,  we  relax  all  the  atomic  coordinates  with 
a  conjugate  gradient  algorithm,  reaching  a  tolerance  in 
the  forces  of  0.01  eV/A.  The  dynamical  matrix  for  the 
whole  cell  is  computed  from  this  ground  state. 

A  new  implementation  of  DFPT  has  been  developed 
to  compute  the  electronic  response  to  infinitesimal 
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atomic  displacements.  Thanks  to  the  'In  4-  V  theorem  in 
DFPT,  we  can  obtain  analytically  the  dynamical  matrix 
from  the  gradient  of  the  density  relative  to  atomic 
coordinates ,  without  physically  moving  any  atom.  Note 
that  merely  linear  effects  are  obtained  in  this  method. 
Thus,  one  expects  to  obtain  high-quality  frequencies  for 
the  vibrational  modes  that  are  harmonic,  but  the 
frequencies  of  modes  involving  large  anharmonic  terms 
will  be  less  accurate. 


3.  Results 

LVMs  have  been  studied  for  the  H  dimers  (H2  and 
H*),  the  hydrogenated  self-interstitial  IH2  complex, 
hydrogenated  vacancy  =  1,2, 3, 4)  and  V2Hf). 


We  focus  here  only  on  the  stretching,  and  some  bending 
modes  of  H. 

3.1.  Hydrogenated  vacancies 

In  our  calculations  (Table  1),  VH  has  monoclinic 
symmetry,  and  the  H  oscillates  almost  parallel  to  the 
<111)  direction.  In  the  orthorhombic  VH2,  the  two 
equivalent  hydrogens  have  stretching  modes  along  the 
<100)  and  <00  1)  directions.  The  calculated  frequen¬ 
cies  for  these  modes  are  2121  and  2144  cm-1  respec¬ 
tively.  VHi  has  CM  symmetry.  The  A  singlet  involves  the 
movement  of  the  three  H  atoms  towards  the  vacancy, 
while  in  the  twofold  degenerate  E  mode  one  of  the  atoms 
moves  in  opposition.  VH4  has  Tti  symmetry.  In  addition 
to  the  threefold  degenerate  mode  T2  mode  at  2205,  we 


Table  1 

Calculated  and  experimental  frequencies  for  stretching  modes  in  VH„  (n  =  1,2, 3,4)  and  V2H(,:l 


This  work 

Ref.  [141 

Expt.  (b) 

This  work 

Ref.  [14] 

Expt.  (b) 

VH 

VH4 

A 

2064(4-1%,) 

2248(4-10%) 

2038 

A, 

2397 

2404 

No-TR 

T2 

2265(4-2%) 

2319(44%,) 

2222 

VD 

A 

I485(—  1%) 

1613(4-7%) 

1507 

VH',D 

VH; 

A, 

2368(4-5%,) 

2384(4-6%,) 

2250 

Aj 

2239(4-4%,) 

2316(4-7%) 

2144 

E 

2266(4-2%,) 

2319(4-4%,) 

2224 

B, 

2 1 99( +4%) 

2267(4-7%) 

2121 

A, 

1645(4-2%,) 

1677(4-3%,) 

1620 

VHD 

VH:D, 

A 

2221(4-4%) 

2292(4-7%) 

2134 

A, 

2336(4-4%,) 

2364(45%,) 

2244 

A 

1592(4-2%) 

1641(4-5%) 

1555 

B, 

2266(4-2%,) 

2319(4-4%,) 

2225 

VD^ 

Ai 

1666(4-2%,) 

1690(4-4%,) 

1628 

B2 

1627(4-1%,) 

1663(43%,) 

1615 

A, 

1 607(4-3%) 

1658(4-6%) 

1564 

B, 

1581(4-2%) 

1625(4-5%) 

1547 

VHDi 

VH, 

A, 

2303(4-3%,) 

2342(4-5%,) 

2236 

Ai 

2224(4-2%,) 

2318(4-6%) 

2185 

A, 

1689(4-3%,) 

1705(44%,) 

1636 

E 

2 1 00( — 2%) 

2256(+5%) 

2155 

E 

1627(4-1%,) 

1664(44%,) 

1616 

VH2D 

vd4 

A 

2187(4-0%) 

2298(4-5%) 

2185 

A, 

1715 

1721 

No-IR 

A 

2099(— 3%) 

2256(4-4%) 

2167 

t2 

1627(4-1%,) 

1664(4-3%,) 

1617 

A 

1 534(— 3%) 

1632(4-3%) 

1580 

VHD: 

v2h, 

A 

2 1 44(  —  1  %) 

2277(4-5%) 

2177 

a., 

2248(4-3%,) 

— 

2190  [16] 

A 

1 562(— 2%) 

1646(4-4%) 

1588 

a2u 

2237(4-2%,) 

— 

2191  [15] 

A 

1510C— 4%) 

1619(4-3%) 

1575 

Hu 

2180(4-1%,) 

— 

2166  [15] 

Ef 

2170(4-0%,) 

— 

2165  [16] 

VD^ 

A, 

1 594(4-0%) 

1661(4-4%) 

1594 

E 

1 5 1 0( — 4%) 

1619(4-3%.) 

1576 

The  %  in  parentheses  gives  the  error  relative  to  experiment. 
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obtain  an  infra-red  (IR)  inactive  singlet  A\  mode  at 
2265  cm-1.  V2H6  behaves  as  two  weakly  coupled  VH3 
complexes.  The  vibrational  modes  of  V2H6  are  almost 
identical  to  those  of  VH3.  The  A?  singlet  at  2176  cm-1 
induces  a  dipole  along  the  <  1  1  1 )  direction.  In  addition 
to  this  mode,  and  the  IR-active  E  doublet,  we  obtain  two 
IR-inactive  modes  at  2186  and  2134  cm-1. 

3.2 .  H2 ,  and  IH2 

The  trigonal  H*  defect  [17,19]  consists  of  one 
hydrogen  atom  close  to  the  antibonding  (AB)  site, 
and  the  other  near  the  bond-centered  (BC)  site, 
forming  an  Si-H...Si-H  structure.  The  Si-HAB 
bond  length  is  slightly  longer  than  the  Si-HBc  one 


(1.580  A  vs.  1.510  A  in  our  calculations).  This  give  rise 
to  different  stretch  frequencies  for  the  two  atoms: 
2135  cm-1  for  HBc  and  1750  cm-1  for  Hab-  We  also 
obtain  two  nondegenerate  wagging  modes,  both  related 
to  Hab-  The  calculated  modes  with  D  substitutions  are 
given  in  Table  2. 

IR  and  Raman  measurements  of  H2  in  silicon  [22,25] 
reveal  a  considerable  softening  of  the  stretching  mode 
with  respect  to  the  frequency  of  H2  in  the  gas  phase.  The 
electron  affinity  of  the  Si  atoms  surrounding  H2  results 
in  a  weakening  of  the  H-H  bond  and  this  reduces  the 
vibrational  frequencies.  Even  though  the  H-H  stretch 
mode  is  not  expected  to  be  fully  harmonic,  our 
calculated  frequency  is  close  to  the  experimental  one 
(Table  2)  and  lower  than  that  for  free  H2  (4194  cm-1). 


Table  2 

LVMs  for  H2  in  the  <  1  0  0  >  alignment,  H*  =  HabHbc  and  IH2a 

This  work  Other  authors  Expt.  (a)  This  work  Other  authors  Expt. 


H* 

(BC) 

2135(+3%) 

2164b(+5%) 

2062 

(AB) 

I750(— 5%) 

2100c(+2%) 

2070d(+0%) 

1 844b(+0%) 

1838 

1 500c( —  1 8%) 
1480d(— 19%) 


(AB) 

843, 839(4-3%) 

1002b(+22%) 
690d(— 16%) 

817 

D* 

(BC) 

1528(+2%) 

1548b(+3%) 

1500 

(AB) 

1255( — 6%) 

1321b(+l%) 

1340 

(AB) 

602(4-2%) 

712b(+21%) 

588 

(AB) 

599 

586b 

— 

HbcD*b 

(BC) 

2132(+3%) 

2159b(4-5%) 

2058 

(AB) 

1257(— 6%) 

1324b(+l%) 

1342 

(AB) 

602(+2%) 

712b(+20%) 

588 

(AB) 

DbcH*b 

599 

612b 

(AB) 

1761  (—5%) 

1856b(+0%) 

1851 

(BC) 

1519(4-2%) 

1538b(+3%) 

1488 

(AB) 

843(+3%) 

1002b(+21%) 

817 

(AB) 

830 

586b 

— 

H2  in  Si 

(H2) 

3549(— 2%) 

3 607e(  4-0%) 
3396f(-6%) 

3618s 

(DH) 

3081  (—6%) 

3129e(— 4%) 

3265s 

(D2) 

251 1(— 5%) 

2559e(— 3%) 

2643s 

ih2 

A 

2007(+l%) 

2 1 45h(4-  8%) 
1915X4-3%) 

1989h 

B 

2004(4-1%) 

2143h(+8%) 

1986h 

B 

737( —  1%) 

(A)  775h(4-3%) 

748h 

A 

733( —  1%) 

(B)  768h(+3%) 

743h 

A 

716 

(B)  736h 

B 

711 

(A)  717h 

IHD/IDH 

2005/2007(4-1%) 

2144h(+8%) 

£ 

OO 

OO 

1440/1438(— 1%) 

1540h(+6%) 

1447h 

id2 

733/736(— 2%) 
714/714 

771h(+3%) 

lit 

746h 

A 

1440(— 1%) 

1 540h(4-6%) 

1448h 

B 

1438(— 1%) 

1539h(4-6%) 

1446h 

B 

609 

590h 

A 

601 

583h 

A 

566 

564h 

B 

562 

555h 

a  The  %  in  parentheses  gives  the  error  relative  to  experiment. 

b  Ref.  [17] 

cRef.  [18] 

dRef.  [19] 

eRef.  [20] 

fRef.  [21] 

gRef.  [22] 

hRef.  [23] 

jRef.  [24]. 
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Note  that  D  substitutions  fail  to  show  the  observed 
anharmonic  shift  [22]. 

Finally,  IH:  has  two  almost  equivalent  weakly 
coupled  hydrogen  atoms,  with  very  similar  stretching 
frequencies.  Our  relaxed  structure  has  almost  C:v 
symmetry,  with  the  A  mode  higher  than  the  B  mode, 
confirming  early  calculations  [23].  We  also  reproduce  the 
correct  ordering  for  the  bending  modes  at  737  and 
732  cm"1.  Note  that  we  predict  that  the  two  H’s  in  this 
defect  are  slightly  inequivalent.  Thus,  we  obtain  two 
different  frequencies  when  one  of  the  H's  is  substituted 
by  D  (IHD  and  IDH).  Experimentally,  only  one 
IHD  complex  is  observed.  However,  the  spectrum 
obtained  with  an  H/D  mix  shows  three  H  lines  at 
1989  cm-1  (IHi),  1988  cm"1  (IHD).  and  1986  cm-1 
(IH:).  If  the  HD  line  belonging  to  IDH  were  at  1988  + 
1  =  1989  cm-1,  it  would  only  affect  the  relative  ampli¬ 
tudes  of  the  two  IHi  lines.  Even  though  our  predicted 
frequencies  for  this  defect  are  remarkably  good,  they  are 
not  accurate  to  a  few  cm-1  and  the  slight  difference 
between  IHD  and  IDH  which  we  obtain  could  easily  be 
an  artifact  of  the  calculation. 


4.  Conclusions 

We  propose  a  new  development  of  DFPT,  using 
localized  atomic  wavefunctions  as  a  basis  set,  and  apply 
it  to  the  study  of  LVMs  of  H-related  defects  in  silicon.  In 
contrast  to  other  methods,  the  dynamical  matrix  is 
computed  analytically  without  actually  displacing  any 
atom.  The  calculations  are  based  on  the  ground  state 
density  matrix  as  computed  with  the  SIESTA  package. 

The  defects  included  here  involve  a  range  of  Si-H 
bonding  configurations.  In  situations  where  larger 
anharmonic  contributions  are  present,  the  accuracy  of 
the  method  decreases  somewhat  (~5%).  We  note  that 
this  occurs,  for  example,  when  H  is  close  to  a  BC 
position.  However,  in  most  cases  the  calculated 
frequencies  are  in  remarkable  agreement  (^3%)  with 
experimental  data,  implying  not  only  that  this  perturba¬ 
tive  approach  is  totally  justified,  but  also  that  the  ground 
state  density  matrix  calculated  with  SIESTA  is  very 
reliable. 
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Abstract 

Different  treatments  of  hydrogenation  induce  hydrogen  containing  plate-like  defects  on  {111}  crystallographic 
planes  in  silicon.  Several  structural  models  of  the  platelets  were  proposed  of  which  the  most  prominent  are:  (a)  A  double 
layer  of  interstitial  hydrogen  H*  pairs  and  (b)  hydrogen  saturation  of  the  Si-Si  bonds  at  a  {111}  plane  with  H2 
molecules  trapped  within  the  platelet.  Raman  scattering  studies  reported  that  local  vibrational  modes  related  to  the 
platelets  appear  around  2100  cm-1,  whereas  a  local  mode  at  4160  cm-1  was  associated  with  H2  trapped  within  the 
platelet.  From  an  analysis  of  the  polarized  Raman  scattering  spectra  of  the  2100-  and  4160-cm_1  bands  we  identify  two 
different  types  of  {1  1  1} -platelets  described  above,  which  exist  simultaneously  with  concentrations  depending  on 
plasma  conditions.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61 .72. Ji;  61.72.Nn;  78.30.Am 

Keywords:  Silicon;  Hydrogen;  Platelet;  Raman  scattering 


1.  Introduction 

High  concentrations  of  hydrogen  introduced  into  Si 
by  plasma  treatment  create  extended  planar  defects 
along  the  {111}  crystalline  planes,  which  are  called 
platelets  [1].  Electron  microscopy  [2],  Raman  scattering 
[3],  as  well  as  infrared  absorption  results  [3]  have  shown 
that  the  fundamental  blocks  comprising  these  defects  are 
Si-H  bonds.  A  number  of  different  structural  models  of 
the  platelets  have  been  suggested  [2,4,5],  The  most 
prominent  of  these  are:  a  double  layer  of  H* ,  [H*]^,  and 
hydrogen-saturated  {111}  planes,  [2Si-H]n,  i.e.,  the 
configuration  in  which  each  Si-Si  bond  on  an  (111) 
plane  is  replaced  by  two  Si-H  bonds. 

Here  we  present  an  analysis  of  the  polarized  Raman 
scattering  spectra  measured  on  the  {1  1  l}-hydrogen- 
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induced  platelets  in  Si.  A  first  Raman  scattering  study  by 
Heyman  et  al.  showed  that  Raman  active  modes  of  the 
{1  1  1} -platelets  are  observed  at  approximately 
2100  cm-1  [3].  Recent  results  by  Leitch  et  al.  showed 
that  H2  in  the  platelet  has  a  local  vibrational  mode  at 
4160  cm-1  [6].  Our  analysis  of  the  2100-  and  4160-cm_1 
bands  identifies  the  two  different  types  of  platelets 
described  above,  which  exist  simultaneously  with  con¬ 
centrations  depending  on  the  plasma  conditions. 


2.  Experimental 

Silicon  samples  used  in  this  study  were  n-type, 
phosphorus-doped,  Cz  (lOO)-wafers  with  resistivity  of 
0.75  Cl  cm.  Hydrogen  was  introduced  into  the  Si  samples 
by  means  of  a  remote  Dc-plasma  system  with  sample 
temperature  varied  between  room  temperature  to  300°C 
for  a  duration  of  30  min-6  h. 

The  details  of  the  Raman  setup  are  described 
elsewhere  [6].  Polarized  Raman  spectra  were  collected 
in  a  pseudobackscattering  geometry.  The  polarization 
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geometry  is  defined  with  respect  to  the  sample  surface 
(10  0):  the  a-,  y-,  and  r-axis  are  parallel  to  [1  0  0],  [0  1  0], 
and  [00  1],  while  y'~  and  r'-axis  are  parallel  to  [0  1  1],  and 
[Oil].  In  the  notation  {a[b, c]d}t  a(d)  refers  to  the 
propagation  vector  of  the  incident  (scattered)  light, 
while  b(c)  refers  to  the  polarization  vector  of  the  incident 
(scattered)  light.  As  usual,  the  depolarization  ratio,  A,  is 
defined  as  the  ratio  of  the  scattered  light  intensity 
polarized  perpendicular  to  the  excitation  light,  £in,  to 
the  intensity  parallel  to  £in.  In  the  notation  zl|V1._-],  the 
subscript  implies  that  the  excitation  light  is  polarized 
along  the  [ATr]-axis. 


3.  Results 

Fig.  1  shows  room  temperature  polarized-sensitive 
spectra  of  a  Si  sample  after  exposure  to  hydrogen 
plasma  at  150"C  for  6  h.  The  broad  band  at  2100  cm"1 
was  previously  assigned  to  the  {11  1  {-platelets  [3], 
whereas  the  band  lying  at  4160  cm"1  was  associated 
with  Hz  trapped  within  platelets  [6].  The  polarized 
spectra  of  the  2100-cm"1  band  shown  in  the  figure  are  in 
qualitative  agreement  with  previous  data  reported  by 
Heyman  et  al.  [3].  i.e..  A\\  \  ()]  =  0,  which  suggests  the 
fully  symmetric  mode  of  a  trigonal  defect  [7].  In  the 
following  discussion  we  want  to  consider  only  the  value 
of  A[\  on]  because  both  the  2100-  and  4160-cm"1  bands, 
regardless  of  the  conditions  of  the  samples  preparation, 
display  zip  i  0]  =  0. 


Fig.  1.  Room  temperature  polarized  Raman  spectra  after 
exposure  to  hydrogen  plasma  at  150'C  for  6  h.  Polarization 
geometry  is  defined  with  respect  to  the  sample  normal  [100]. 
Spectra  are  offset  vertically  for  clarity.  Note  that  the  intensity 
in  the  spectral  range  1900-4300  cm  1  was  scaled  up  by  factor 
of  10. 


As  follows  from  the  figure,  zlpoo]  of  the  2100-cm"1 
band  is  close  to  one,  whereas  Heyman  et  al.  reported 
d[ioo]“0.3  [3].  Another  striking  feature  is  that  the 
polarization  properties  of  the  4160-cm"1  band  are 
precisely  the  same  as  that  of  the  2100-cm”1  one.  This 
may  lead  to  the  conclusion  that  H:  is  aligned  along  the 
[1  1  1]  axis  and,  therefore,  the  4160-cm”1  band  displays 
the  properties  of  the  fully  symmetric  mode  of  a  trigonal 
defect. 

However,  this  assignment  meets  serious  difficulties. 
According  to  calculations,  H:  positioned  at  the  tetra¬ 
hedral  site  of  the  perfect  Si  lattice  has  extremely  small 
barriers  for  rotation  [8].  As  compared  to  the  Tti  site,  H: 
in  platelets  is  well  isolated  from  the  surrounding  lattice 
and  thus  should  rotate  freely.  The  less  obvious  problem 
with  the  suggestion  of  aligned  H^  comes  from  the  value 
of  zip  no].  With  the  known  Raman  tensor  of  free  H:  [9], 
zl j ]  o  n]  should  be  equal  to  0.021,  well  below  the 
experimental  value. 

All  these  problems  can  be  solved  if  we  model  the 
platelet  as  a  flat  infinitely  thin  dielectric  layer  described 
by  an  isotropic,  frequency-independent,  real  dielectric 
constant  g.  This  model  takes  into  account  deviation  of 
the  local  electric  field  within  the  platelet  from  that  of  the 
incident  electric  field  in  the  bulk  of  the  sample. 

According  to  the  formalism  proposed  by  Reed  et  al. 
[10],  the  local  electric  field  in  the  platelet.  £loc  may  be 
written  as 

£l,,e  =  A(flm,  (1) 

Matrix  A  is  a  function  of  the  polar  angle  0m,  measured 
with  respect  to  the  platelet  normal,  frequency  of  the 
excitation  light,  and  v.  The  induced  polarization  3P 
of  the  oscillating  Raman  dipole  is  related  to  the  local 
macroscopic  electric  field  through  the  Raman  tensor  of 
the  scatterer  c/.\  =  a 'EhK,  where  i  is  either  Si-H,  or 

Ht.  If  r  is  the  bond  axis,  then  a1  is  diagonal  and 
a'w  =  a1,,.  =  cV,  aL  =  1,  where  ft  is  bond  anisotropy 
defined  as  the  ratio  of  the  dynamic  molecular  polariz¬ 
abilities  perpendicular  and  parallel  to  the  bond  axis. 
Thus,  the  electric  field  in  the  bulk  of  the  sample  £0llt 
radiated  by  polarization  3P'  with  frequency  in  the 
direction  making  polar  angle  0OU,  with  the  platelet 
normal,  is  given  by 
•> 

E""'  =  ^At(()1h1|,mOUi).?',  (2) 

where  AT  is  the  transpose  of  A.  Finally,  we  obtain  that 
the  intensity  of  the  appropriate  Raman  band.  /j.  is  given 
by 

/iK  k,n"AT(0fult,molII)aiA(0*„,oji„y"|-,  (3) 

k  c  <  I  I  1  > 

where  the  summation  is  taken  over  four  different 
possible  orientations  of  the  {11  1  {-platelets  in  the 
lattice.  Here,  em  and  eim{  are  polarization  vectors  of 
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Fig.  2.  Calculated  depolarization  ratio,  d[10o],  of  the  Si-H 
(2100  cm-1)  and  H2  (4160  cm-1)  Raman  signals.  Dotted  line 
shows  the  dielectric  constant  of  Si  at  488  nm. 

the  incident  and  scattered  light,  respectively.  In  case  of 
H2,  Eq.  (3)  is  averaged  over  all  possible  orientations  of 
the  principal  axes  of  aH2  with  respect  to  the  labor  frame, 
whereas  for  the  2100-cm-1  band  we  assume  that  the  Si¬ 
ll  bonds  are  aligned  along  the  platelet  normal. 

oo]  calculated  from  Eq.  (3)  for  the  2100-  and  4160- 
cm-1  bands  as  a  function  of  e  is  shown  in  Fig.  2.  In  our 
calculations  we  assumed  that  the  Raman  tensor  of  H2  is 
the  same  as  that  of  the  free  molecule  [9],  <5H:  =  0.66, 
whereas  for  the  2100-cm"1  band  we  used  the  value  of  the 
Si-H  bond  anisotropy  <5Si'H  =  0.35,  obtained  from  the 
Raman  study  of  vacancy-hydrogen  complexes  in  Si  [1 1]. 

It  follows  from  Fig.  2  that  the  polarization  properties 
of  the  2100-  and  4160-cm-1  bands  derived  from  Fig.  1 
(^[ioo]  =  1)  are  explained  very  well  by  the  model  of  the 
platelet  with  s  well  below  than  that  of  Si.  This  is  what 
one  should  expect  for  the  [2Si-H]n  platelets.  Indeed,  this 
model  assumes  that  [2Si-H]n  is  an  open  structure 
comprising  two  hydrogenated  Si(l  1  1)  layers  with  H2 
trapped  in  between. 

We  also  studied  the  dependency  of  A[\  0  oj  on  the 
sample  temperature  during  the  plasma  treatment.  Fig.  3 
shows  the  integrated  intensities  and  A[{  00]  of  the  2100- 
and  4160-cm"1  bands  as  a  function  of  the  sample 
temperature.  As  one  can  see,  A[]00]  of  the  H2  signal 
remains  constant,  whereas  at  50°C  A[l00]  of  the  2100- 
cm  1  band  is  «0.5.  As  the  temperature  rises,  the 
4160-cm-1  band  grows  up  and  when  it  reaches  the 
maximal  intensity,  the  2100-cm"1  band  becomes  nearly 
depolarized.  We  interpret  this  transition  as  a  change  of 
the  platelet  from  the  optical  dense  structure  without 

([H*]nD)  to  the  [2Si-H]n  structure  accompanied  by  the 
formation  of  H2  molecules  in  the  interstitial  region  of 
the  platelet.  Indeed,  according  to  Fig.  2,  A[X  0  0]  =  0.5  for 
the  2100-cm"1  band  corresponds  to  s  =  14,  which  is 
rather  close  to  the  dielectric  constant  of  Si. 

We  believe  that  a  double  layer  of  [Hj]°  is  the  most 
plausible  candidate  for  the  structure  with  s  =  14. 


Fig.  3.  Dependence  of  sample  temperature  during  hydrogen 
plasma  treatment  on  the  integrated  intensities  (top  figure)  and 
on  the  depolarization  ratio,  dp  oo]>  (bottom  figure)  of  the  Si-H 
(2100  cm  !)  and  H2  (4160  cm-1)  Raman  signals.  Note  that 
the  intensity  of  the  Raman  signal  of  H2  was  scaled  up  by 
factor  of  7. 

Apparently,  of  all  proposed  models  for  the  {111}- 
platelets  only  this  one  is  expected  to  have  the  highest 
value  of  e  due  to  the  layer  of  Si  atoms  located  it  between 
the  Si(l  1  1)  surfaces  [4].  This  picture  is  in  agreement 
with  calculations  of  Kim  and  Chang  [5],  who  found  that 
[H*]?  has  the  lowest  formation  energy  at  small  lattice 
dilations.  When  the  lattice  dilates  the  [Hjf  structure 
recrystallizes  to  [2Si-H]n  accompanied  by  the  formation 
of  H2  in  the  two  Si(l  1  1)  planes.  This  transformation 
occurs  at  100°C,  as  seen  from  Fig.  3. 

4.  Summary 

In  summary,  we  presented  a  detailed  analysis  of  the 
polarized  Raman  scattering  spectra  from  the  {111} 
hydrogen-induced  platelets  in  silicon,  which  were 
hydrogenated  by  remote  plasma  exposure.  Our  analysis 
identifies  two  different  structures,  which  exist  simulta¬ 
neously  with  concentrations  depending  on  the  plasma 
conditions. 
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Abstract 

The  mechanism  of  the  Staebler-Wronski  effect  is  still  in  question.  We  assume  that  a  defect  precursor  A  is  transformed 
into  the  actual,  metastable  defect  B  by  excitation  and  subsequent  electron  trapping.  Calculations  on  two  large,  distorted 
silicon  clusters  are  presented  which  contain  a  bent  and  a  pyramidal  void,  respectively,  created  by  removal  of  four 
adjacent  silicon  atoms.  A  QM/QM  embedding  procedure  is  employed  using  a  density  functional  (BP86)  and  a 
semiempirical  method  (AMI).  Full  geometry  optimization  results  in  novel  and  unprecedented  structure  information. 
Excitation  energies  and  electron  attachment  energies  are  presented.  These  findings  substantiate  the  new  ideas  regarding 
the  nature  of  A  and  B.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Staebler-Wronski  effect;  Amorphous  Si :  H;  Microvoids;  Embedding  calculations 


1.  Introduction 

In  various  applications  amorphous  hydrogenated 
silicon  (a-Si :  H)  could  serve  as  a  cheap  and  technically 
more  versatile  replacement  for  crystalline  silicon  (c-Si). 
Unfortunately,  however,  the  practical  use  of  a-Si :  H  is 
limited  by  the  well-known  Staebler-Wronski  effect 
(SWE)  [1,2]. 

Despite  a  vast  amount  of  experimental  information  its 
mechanism  is  still  discussed  controversially  (see  Ref.  [3]). 
It  is  known  that  a-Si :  H  is  interspersed  with  an 
enormous  amount  of  microvoids.  Assuming  a  spherical 
structure  the  mean  void  radius  amounts  to  3.3^13  A 
[4-6].  It  is  plausible  that  certain  sites  of  the  inner  void 
surfaces  act  as  the  (neutral)  precursors  (A)  of  the  light- 
induced  dangling  bonds  B. 

We  assume  that  the  exposure  of  neutral  A  to  sunlight 
enables  A  to  trap  an  electron  from  the  conduction  band. 
By  relaxation  of  this  intermediate  the  metastable 
dangling  bond  B  is  formed.  This  assumption  is 
corroborated  by  recent  work  indicating  that  the 
majority  of  light-induced  defects  is  negatively  charged 
[7].  The  thermal  reformation  of  A  (the  annealing 
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process)  may  be  considered  the  reverse  of  the  photo- 
electronic  formation  of  B  and  will  finally  lead  to 
electron-hole-recombination. 

In  order  to  substantiate  the  mechanistic  concept 
mentioned  above  we  have  to  obtain  knowledge  about 
the  geometric  and  electronic  structure  of  the  voids’ 
localized  states  as  well  as  about  the  corresponding 
excitation  and  electron  attachment  energies.  Results 
regarding  voids  from  one  to  three  adjacent  Si  atoms 
missing  are  given  in  a  previous  paper  [3].  In  the  present 
article  we  will  show  the  results  of  calculations  on 
quadruplevoids  (tetravoids). 


2.  Strategy  and  methods 

The  methods  of  theoretical  chemistry  result  in  local 
information  about  a  system,  and  this  is  what  we  need  to 
have.  We  use  the  following  approach  explained  in  detail 
in  Ref.  [3]:  the  system  of  interest  is  partitioned  into  two 
parts,  where  the  more  interesting  part  (the  core)  is 
treated  at  a  higher  level  of  theory,  and  the  rest  of  the 
system  (the  bulk)  is  described  by  an  approximate  and 
computationally  less  demanding  method.  During  the 
calculations  the  outer  sphere  of  the  core  is  saturated  by 
H  atoms  (the  link  atoms).  The  embedding  of  the  core 
into  the  bulk,  i.e.  the  coupling  of  the  two  parts,  is 
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performed  using  the  ONIOM  scheme  [8]  which  is 
implemented  in  the  Gaussian98  program  package  [9]. 
To  calculate  the  core  we  employ  the  combination  of 
Becke’s  1988  exchange  [10]  and  Perdew's  1986  correla¬ 
tion  functional  [11]  (BP86)  together  with  the  6-3 1G* 
standard  basis  set.  The  bulk  is  treated  by  means  of  the 
semiempirical  method  AMI  [12,13].  The  vertical  excita¬ 
tion  energies  are  calculated  by  use  of  the  single¬ 
excitation  Cl  method  [14]  based  on  the  corresponding 
Hartree-Fock  orbitals.  All  energy  values  given  refer  to 
the  core  plus  link  atoms  only. 

The  material  is  modeled  by  the  cluster  Sii.^Hj  !r>,  an 
approximately  spherical  entity  of  Tj  symmetry  with  a 
diameter  of  about  17  A  which  is  derived  from  a  clipping 
of  c-Si  where  the  outer  surfaces  are  hydrogenated.  Four 
adjacent  silicon  atoms  are  removed  from  the  center  of 
the  cluster,  and  the  neighboring  atoms  are  regarded  as 
the  core  of  the  system.  Then  we  allow  for  total  geometry 
relaxation. 

One  could  object  that  an  investigation  of  voids  in  this 
cluster  does  not  allow  for  statements  regarding  amor¬ 
phous  silicon,  because  its  structure  is  derived  from 
crystalline  Si.  However,  during  relaxation  more  or  less 
severe  distortions  of  the  ideal  lattice  occur.  The  distance 
matrices  of  the  final  structures  have  been  evaluated 
statistically  to  obtain  distance  histograms.  These  histo¬ 
grams  show  the  typical  features  of  the  radial  distribution 
function  of  an  amorphous  material. 

The  work  of  other  authors  regarding  vacancies  in 
silicon  is  appreciated  in  Ref.  [3]. 


3.  Results 

If  four  adjacent  Si  atoms  have  to  be  removed,  three 
arrangements  are  possible:  either  a  linear  (zigzag)  or  a 
bent  or  a  /Jvra/mV/fl/ quadruplevoid  will  emerge.  Since  the 
linear  arrangement  is  similar  to  the  triplevoid  already 
treated  in  the  previous  paper,  we  will  concentrate  on  the 
bent  and  on  the  pyramidal  quadruplevoid. 

3.1.  The  bent  quadruplevoid 

Locally  the  bent  quadruplevoid  shows  up  0>  sym¬ 
metry.  The  overall  symmetry  of  the  whole  system, 
however,  is  C\  only.  The  core  consists  of  the  10  atoms 
surrounding  the  void  and  two  additional  atoms  belong¬ 
ing  to  the  next  sphere.  This  is  necessary  because  we  have 
to  avoid  situations  where  one  bulk  atom  is  bound  to  two 
core  atoms  so  that  linking  the  inner  and  outer  part 
would  become  difficult  (see  Ref.  [15]). 

At  the  beginning  of  the  geometry  optimization 
(relaxation)  10  unpaired  electrons  (dangling  bonds)  are 
present.  Eight  of  the  corresponding  Si  atoms  have  a 
next-neighbor  distance  of  3.82  A,  whereas  the  remaining 
two  are  connected  already  by  a  Si-Si  single  bond.  It  is  to 


be  excepted  that  the  system  will  try  to  overcome  this 
situation  by  rearranging  its  atoms  so  that  new  bonds  are 
formed.  Fig.  1  shows  the  result  of  the  process  where  the 
gray  circles  denote  the  original  positions  of  the  four 
atoms  removed.  The  core  atoms  have  moved  towards 
one  another  in  pairs,  preserving  the  bent  structure  of  the 
void.  Five  new  bonds  are  created:  four  single  bonds  and 
one  double  bond  connecting  the  two  Si  atoms  which 
have  already  been  bound.  Note  that  the  newly  formed 
bonds  are  stretched  by  not  more  than  8%  vs.  the  typical 
bond  lengths  in  the  unperturbed  cluster.  Considerably 
strained  bonds  (  +  30%  vs.  standard)  which  are  some¬ 
times  discussed  in  the  context  of  the  SWE  are  not  found 
at  all. 

The  lowest  excited  singlet  state  of  the  core  is  located 
1 .43  eV  above  the  ground  state  which  fits  very  well  into 
the  band  gap  of  a-Si :  H.  The  transition  is  of  HOMO-* 
LUMO  type  where  both  orbitals  are  localized  at  the 
double  bond.  However,  the  oscillator  strength  of  this 
transition  amounts  to/  -  0.024  only,  thereby  indicating 
that  the  transition  is  very  improbable  to  occur.  There  is 
no  other  excited  state  within  the  energy  range  relevant 
for  the  SWE. 

This  can  be  explained  as  follows:  the  most  simple 
molecule  possessing  a  Si-Si  double  bond  is  disilene 
(Si2H4).  The  HOMO-* LUMO  excitation  requires  a 
quite  high  energy  of  4.25  eV,  but  this  transition  is 
allowed  because  of  the  high  oscillator  strength 
(/  =  0.656).  If,  however,  the  four  H  atoms  are 
positioned  so  that  the  surrounding  of  this  double  bond 
is  equivalent  to  the  highly  distorted  surrounding  of  the 
double  bond  in  the  bent  void,  then  the  excitation  energy 
drops  to  1.65  eV  but  also  the  oscillator  strength 
decreases  significantly  (/  ==  0.062).  This  can  be  attrib¬ 
uted  to  the  fact  that  HOMO  and  LUMO  partly  lose 
their  explicit  bonding  and  antibonding  character, 
respectively,  because  of  the  increased  mixing  with  other 
orbitals. 


Fig.  1.  Optimized  structure  of  the  bent  quadruplevoid  in 
Si,v,H  i  |f). 
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We  assume  that  the  primary  step  of  the  SWE  is  the 
trapping  of  a  conduction  band  electron  by  an  excited 
state  of  A.  So  B  must  be  an  anion  (more  precisely:  the 
anionic  part  of  a  zwitterion  [3])  if  A  is  a  neutral  closed- 
shell  system,  i.e.,  A  must  be  able  to  stabilize  a  negative 
charge.  In  case  of  the  bent  quadruplevoid  the  vertical 
electron  attachment  energy  Ea,v  amounts  to  2.77  eV. 
The  excess  electron  is  trapped  at  the  double  bond 
yielding  “Si-Si*. 

3.2.  The  pyramidal  quadruplevoid 

As  with  the  bent  void  10  unpaired  electrons  are 
present  at  the  beginning  of  the  geometry  optimization. 
The  corresponding  atoms  belong  to  three  different  layers 
of  the  silicon  lattice.  The  atom  above  the  top  of  the 
pyramid,  labeled  “1”  in  Fig.  2,  which  is  the  only  atom 
belonging  to  layer  1,  is  quite  isolated  from  the  next  six 
radical  centers  in  layer  2  (distance  =  4.48  A).  The  three 
atoms  below  the  base  of  the  pyramid  belong  to  layer  3. 
The  core  consists  of  said  10  atoms  in  local  C3  symmetry 
and  nine  further  Si  atoms  which  had  to  be  included  due 
to  the  reason  explained  in  the  last  section.  The  overall 
symmetry  of  the  cluster  is  Cs. 

The  shape  of  the  pyramidal  void  is  much  more  sphere¬ 
like  than  the  shape  of  the  bent  void.  In  consequence,  to 
form  five  new  bonds  would  require  a  much  larger 
distortion  of  the  bulk.  So  it  seems  possible  that  some  of 
the  unpaired  electrons  will  stay  unpaired.  Fig.  2  shows 
the  result  of  the  optimization.  Three  new  single  bonds 
have  been  generated  in  layer  2  giving  rise  to  a  nine- 
membered  ring.  However,  atom  1  remains  isolated.  In 
layer  3  the  Si-Si  distances  become  shorter  by  about 
0.06  A,  but  no  double  bonds  are  formed.  Instead  the 
originally  three  radical  centers  retain  their  character  so 
that  the  electronic  ground  state  of  the  pyramidal 
quadruplevoid  is  that  of  a  fourfold  singlet  radical.  Note 
that  also  this  system  does  not  possess  any  significantly 
elongated  bonds. 


Fig.  2.  Optimized  structure  of  the  pyramidal  quadruplevoid  in 
Sii39Hn6.  The  void  atoms  occupy  the  corners  of  the  polygons. 


It  is  easy  to  reconstruct  that  atom  1  has  not  been 
incorporated  into  the  system  of  the  other  atoms  due  to 
the  strain  exerted  by  the  bulk.  But  what  is  about  the 
three  atoms  belonging  to  layer  3?  At  the  beginning  of  the 
optimization  they  are  arranged  in  C 3V  symmetry.  So  the 
three  unpaired  electrons  occupy  one  totally  symmetric 
orbital  (a\)  and  a  pair  of  energetically  higher  but 
degenerate  orbitals  of  e  type.  This  situation  gives  rise 
to  a  Jahn-Teller  distortion.  Two  of  the  three  radical 
centers,  labeled  “3”  and  “6”,  respectively,  in  Fig.  2,  get 
closer  to  each  other  as  far  as  it  is  admitted  by  the  strain 
of  the  other  atoms,  and  the  two  electrons  occupy  an 
energetically  lower  bonding  orbital.  The  remaining 
center  (“10”)  is  pushed  to  the  left.  The  two  unpaired 
electrons  of  1  and  10  couple  weakly  yielding  the  core’s 
HOMO  as  the  antibonding  combination  of  the  respective 
atom  orbitals,  whereas  the  bonding  analogue  (LUMO)  is 
shifted  to  higher  energies. 

The  HOMO -►LUMO  transition  needs  an  energy  of 
1.46  eV,  but,  in  contrast  to  the  situation  with  the  bent 
quadruplevoid,  it  is  highly  probable  due  to  an  oscillator 
strength  of  /  =  0.622. 

The  stabilization  energy  of  an  excess  electron  amounts 
to  the  remarkable  value  of  3.32 eV.  Negative  charge  and 
spin  density  are  delocalized  over  atoms  1  and  10. 

4.  Summary  and  outlook 

In  continuation  of  previous  work  [3]  we  have 
investigated  quadruplevoids  which  could  play  a  role  in 
the  mechanistic  description  of  the  SWE.  They  are 
generated  by  removing  four  adjacent  Si  atoms  in  the 
center  of  a  hydrogenated  Si-cluster.  Then  the  total 
systems  are  allowed  to  relax  energetically.  In  this  process 
they  try  to  repair  the  unfavorable  starting  configuration, 
but  the  tendency  of  the  core  to  form  new  bonds  is 
hindered  partially  by  the  bulk’s  strain  exerted  on  the 
core.  If  slightly  stretched  bonds  can  be  generated,  it  will 
happen.  If  however,  the  necessary  rearrangement  of 
bulk  atoms  would  be  too  extensive,  then  the  system 
reconciles  itself  to  the  existence  of  weakly  coupled 
radical  centers.  Significantly  stretched  bonds  have  not 
been  observed. 

In  contrast  to  its  bent  analogue  the  pyramidal 
quadruplevoid  shows  up  a  So  -►  S\ -transition  which  is 
both  energetically  favorable  and  electric  dipole  allowed. 
Moreover,  this  void  is  able  to  stabilize  an  excess  electron 
by  an  energy  as  high  as  3.32  eV.  So  it  represents  a 
structural  entity  in  a-Si :  H  which  meets  the  expectations 
regarding  the  metastable  defect  B  and  its  precursor  A. 
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Abstract 

The  interaction  of  hydrogen  impurity  with  radiation  defects  in  silicon  is  studied  by  DLTS.  Prior  to  the  electron 
irradiation  at  room  temperature,  hydrogen  was  introduced  into  the  p-type  samples  by  wet  chemical  etching.  Two  new 
deep-level  centers  are  detected  only  in  float-zone  crystals.  The  depth  profiles  of  the  new  centers  resemble  those  of  the 
boron-hydrogen  pairs.  One  center  reveals  a  charge-driven  bistability;  the  deep  levels  corresponding  to  both  of  its 
configurations  as  well  as  transformation  kinetics  are  determined.  Our  results  indicate  that  the  bistable  defect  is 
interstitial  in  nature  and  includes  boron  and  hydrogen.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  dominant  defects,  which  are  created  by  room 
temperature  electron  irradiation,  are  mostly  complexes 
of  primary  radiation  defects  with  impurities  like  oxygen, 
carbon  or  shallow  level  dopants.  Recently,  hydrogen 
was  also  discussed  as  a  common  and,  under  certain 
conditions,  an  abundant  impurity  in  silicon.  The 
interaction  of  hydrogen  with  radiation  defects  in  silicon 
has  been  studied  for  many  years.  Usually,  hydrogen  is 
introduced  into  the  samples  by  chemical  etching  or 
plasma  treatment  after  the  irradiation  with  high 
energetic  particles  [1-4],  when  formation  of  the  radia¬ 
tion-induced  defect  spectrum  has  already  been  com¬ 
pleted.  The  hydrogen  treatment  after  the  irradiation 
process  excludes  the  interaction  of  hydrogen  with  mobile 
radiation-induced  species,  such  as  vacancies  and  self¬ 
interstitials,  which  are  not  stable  at  room  temperature. 
Another  approach  to  investigate  the  hydrogen/radiation 
defect  interaction  is  proton  implantation,  which  simul¬ 
taneously  generates  the  intrinsic  point  defects  and 
introduces  the  hydrogen  atoms.  Indeed,  new  hydrogen- 
related  complexes  [5,6],  which  are  not  observed  using  the 
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post-hydrogenation,  have  been  revealed  in  this  way. 
However,  due  to  the  simultaneous  migration  of  hydro¬ 
gen,  vacancies,  and  interstitials,  the  formation  process  of 
stable  defects  is  complicated  and  difficult  to  follow  in 
detail.  The  situation  can  be  simplified  if  silicon  crystals 
are  hydrogenated  before  irradiation.  Several  IR  absorp¬ 
tion  and  DLTS  studies  already  showed  that  hydrogen- 
related  complexes  are  formed  by  room  temperature 
electron  irradiation  following  pre-hydrogenation  during 
growth  or  high-temperature  treatment  in  hydrogen- 
containing  atmosphere  [7,8].  However,  interpretation  of 
the  results  is  not  straightforward  because  the  state  of 
hydrogen  after  high-temperature  saturation  is  not  fully 
understood.  The  purpose  of  the  present  work  is  to  study 
the  formation  of  radiation-induced  defects  in  hydro¬ 
genated  samples,  where  virtually  all  hydrogen  atoms  are 
bound  in  boron-hydrogen  pairs  before  the  electron 
irradiation. 


2.  Experimental 

Boron-doped  ([B]  =  (0.8-2. 5)  x  10lscm3,  Cz  or  FZ) 
silicon  wafers  were  hydrogenated  by  chemical  etching  in 
HF :  HNO3  acid  mixtures  at  ambient  temperature.  After 
Schottky  diode  preparation,  the  reverse-bias  annealing 
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(RBA)  procedure  was  applied  to  move  hydrogen  deeper 
in  the  crystals  and  to  form  well-defined  profile  of  boron- 
hydrogen  pairs  [9].  A  few  samples  were  hydrogenated  by 
H-plasma  treatment  at  100  C.  The  final  hydrogen 
distribution  was  monitored  by  CV  measurements. 
Hydrogenation  did  not  introduce  any  deep-level  centers 
in  measurable  concentration.  The  hydrogenated  diodes 
were  subjected  to  1.5  or  6MeV  electron  irradiation  with 
a  fluence  of  (0.3-1 .0)  x  10l5cm  2  at  nominal  room 
temperature. 

The  measurements  were  performed  on  a  computerized 
DLTS  system  with  lock-in  sine-wave  correlation;  the 
rate  window  was  set  in  the  range  between  0.5  and 
1 20  s'" 1 .  The  curves  were  taken  during  heating  with  rates 
of  3-9 Ks  !.  Spatial  distribution  of  the  deep-level 
centers  was  calculated  by  digital  differentiation  of  the 
DLTS  signal  dependence  on  the  filling  pulse  amplitude 
at  a  fixed  reverse  bias.  The  inhomogeneous  profile  of 
shallow  dopants,  which  was  determined  from  the  CV 
measurements,  was  properly  included  in  the  evaluation 
of  the  deep-level  defect  concentrations.  The  MCTS 
curves  were  measured  using  minority-carrier  injection 
from  an  LED  through  the  semitransparent  Schottky 
contact. 


3.  Results 

The  DLTS  spectrum  after  high-energy  electron 
irradiation  of  the  hydrogenated  FZ  sample  is  shown  in 
Fig.  1.  The  DLTS  parameters  were  set  to  monitor  only 
the  defects  in  the  hydrogenated  region.  The  dominant 
features  of  the  majority-carrier  trap  spectrum  (Fig.  lb) 
are  the  donor  levels  of  the  divacancy  (V^),  interstitial 
carbon  (Q),  and  two  overlapping  peaks  labeled  MH3-B 
and  H3,  respectively.  The  MH3-B  level  appears  in  the 
spectrum  only  after  cooling  the  sample  from  room 
temperature  under  reverse  bias,  indicating  a  charge- 
driven  bistability  of  the  center.  However,  no  new  deep 
level  emerges  in  the  lower  half  of  the  gap  instead  of 
MH3-B  after  zero-bias  cooling.  Therefore,  the  MCTS 
technique  has  been  applied  to  monitor  the  defect  levels 
in  the  upper  half  of  the  gap.  The  MCTS  spectrum  shown 
in  Fig.  1(a)  exhibits  an  electron  trap  (labeled  MH3-A) 
with  a  metastable  behavior  complementary  to  that  of 
MH3-B.  Detailed  measurements  verify  that  the  kinetics 
of  the  MH3-A  center  formation  during  zero-bias 
annealing  in  the  temperature  range  from  195  to  21 5  K, 
is  the  same  as  the  kinetics  of  the  MH3-B  center 
disappearance.  Both  levels  disappear  in  our  samples 
after  several  hours  at  360  K.  Thus,  we  conclude  that  the 
MH3-A  and  MH3-B  levels  belong  to  two  different 
configurations  of  the  MH3  bistable  center.  The  MH3 
and  H3  defects  are  not  detected  after  electron  irradiation 
of  pre-hydrogenated  Cz-Si  samples. 


Temperature  (K) 

Fig.  1.  MCTS  (a)  and  DLTS  (b)  curves  measured  after  cooling 
under  different  conditions  for  the  pre-hydrogenated  p-type  FZ- 
Si  irradiated  with  7x  10l4cm  2  of  6MeV  electrons,  and  the 
difference  spectra  (c)  calculated  by  subtracting  the  curves  in 
panels  (a,  b).  The  rate  window  is  52  s  1  for  both  DLTS  and 
MCTS  curves. 


The  energy  of  the  observed  levels  was  determined  by 
measurements  of  the  peak  temperature  positions  at 
different  correlator  rate  windows.  Both  MH3-A  and 
MH3-B  peaks  strongly  overlap  with  signals  from  other 
defects,  and  their  correct  positions  can  be  determined 
only  from  the  difference  spectrum  calculated  by  sub¬ 
traction  of  the  curves  measured  after  zero-  and  reverse- 
bias  cooling,  see  Fig.  1(c).  The  H3  peak  maximum  was 
determined  after  zero-bias  cooling,  when  there  was  no 
perturbation  from  the  MH3-B  peak  contribution.  The 
energies  for  hole  emission  for  the  MH3-B  and  H3  levels 
were  determined  to  be  0.44  and  0.51  eV,  respectively. 
Only  a  rough  estimate  of  £c -0.22  +  0.04  eV  can  be  given 
for  the  MH3-A  energy  position,  due  to  the  liquid 
nitrogen  cooling  of  the  MCTS  setup. 

The  depth  distributions  of  the  deep-level  centers 
observed  in  FZ-Si  are  shown  in  Fig.  2  along  with  the 
net  boron  profile.  The  MH3  and  H3  centers  are  strongly 
localized  in  the  region  around  1.8  pm  from  the  surface, 
where  50%  of  boron  is  passivated  during  RBA  before 
irradiation.  The  divacancies  exhibit  a  rather  flat  profile. 
We  have  varied  the  concentration  and  depth  distribution 
of  boron-hydrogen  pairs  by  performing  the  RBA 
treatment  at  different  temperatures  and  voltages.  In 
some  samples,  hydrogen  has  also  been  redistributed 
after  chemical  etching  by  furnace  annealing  without 


N.  Yarykin  et  al.  /  Physica  B  308-310  (2001)  159-162 


161 


Fig.  2.  The  depth  profiles  of  the  boron  acceptors  (a)  and  the 
deep-level  centers  (b)  formed  in  p-type  FZ-Si  after  RBA 
hydrogenation  and  subsequent  irradiation  with  the 
5x  1014cm-2  fluence  of  1.5MeV  electrons.  The  MH3  center 
concentration  was  measured  in  the  B-configuration. 


Schottky  diodes.  In  all  studied  cases,  the  shape  of  the 
depth  profiles  of  the  MH3  and  H3  centers  resembles 
those  of  boron-hydrogen  pairs.  Thus,  we  conclude  that 
the  MH3  and  H3  centers  are  hydrogen-related  radiation 
defects. 


4.  Discussion 

DLTS  levels  very  similar  to  MH3-B  and  H3  have 
recently  been  found  in  epitaxially  grown  silicon  after 
irradiation  with  a-particles  [10].  The  energies  for  hole 
emission  for  the  Haj  and  Ha2  levels  [10]  as  well  as  the 
transformation  kinetics  of  the  bistable  ffe  match 
closely  our  values  for  H3  and  MH3-B,  respectively. 
The  very  similar  energies  give  strong  evidence  to  the 
identical  nature  of  the  defects  observed  in  different 
crystals.  Apparently,  the  samples  used  in  Ref.  [10]  were 
contaminated  with  hydrogen  during  growth  or  diode 
preparation. 

The  MH3  and  H3  centers  have  a  number  of  similar 
features,  but  the  MH3  centers  have  only  been  detected  in 
pre-hydrogenated  samples,  while  the  H3  defects  can  also 
be  formed  by  hydrogenation  after  irradiation  (for  more 
data  on  H3,  see  Ref.  [11]).  Taking  also  into  account  that 


the  MH3  center  concentration  follows  the  distribution 
of  boron-hydrogen  pairs,  we  conclude  that  the  MH3 
center  forms  by  the  capture  of  a  mobile  radiation- 
induced  defect  to  the  boron-hydrogen  complex.  The 
mobile  defects  formed  at  the  highest  concentrations  in  p- 
type  silicon  are  known  to  be  vacancies,  self-interstitials, 
and  their  products,  boron  and  carbon  interstitials.  The 
latter  can  be  excluded  from  the  following  consideration 
because  (i)  Q  is  immobile  during  electron  irradiation  at 
room  temperature  and  (ii)  Q  migration  at  340  K  results 
in  no  changes  in  the  MH3  center  concentration. 
Vacancies  are  also  not  likely  to  be  involved  in  the 
MH3  formation  since  the  divacancy  depth  profile  (being 
comparable  in  concentration)  remains  essentially  flat 
around  the  pile-up  of  the  MH3  defects  (Fig.  2).  On  the 
other  hand,  self-  and  boron-interstitials  may  be  trapped 
by  the  Bs-H  pairs  forming  B—H  and  B— Bs-H  com¬ 
plexes,  respectively.  Of  the  two  possibilities,  the  latter 
gives  a  simple  explanation  for  the  absence  of  the  MH3 
centers  in  oxygen-rich  Cz-Si.  Indeed,  the  creation  of  the 
Bj-Bs-H  complex  should  be  strongly  suppressed  in  Cz 
material  as  most  of  boron  interstitials  are  consumed  by 
oxygen  forming  the  BjOj  complexes  [12]. 


5.  Conclusion 

We  have  investigated  the  DLTS  spectrum  of  stable 
radiation  defects  formed  in  p-type  silicon  which  was 
hydrogenated  by  wet  chemical  etching  and  annealed  at 
340-430  K  before  the  irradiation.  The  pre-hydrogena¬ 
tion  of  FZ-Si  results  in  the  appearance  of  two  additional 
MH3  and  H3  centers  immediately  after  irradiation  at 
room  temperature.  The  defect  depth  profiles  correspond 
to  the  distribution  of  boron-hydrogen  pairs  and,  in  the 
case  when  approximately  50%  of  boron  have  been 
converted  to  the  Bs-H  pairs,  the  defect  concentration  is 
comparable  with  that  of  divacancies.  The  MH3  defect 
exhibits  a  charge-driven  bistability  with  characteristic 
transformation  temperatures  about  200  and  260  K  for 
the  bias-off  and  bias-on  conditions,  respectively.  The 
bistable  center  anneals  out  at  360-380  K,  while  the 
concentration  of  the  H3  center  increases  during  such 
annealing.  The  MH3  and  H3  defects  are  not  detected  in 
Cz-Si.  Analysis  of  the  results  allows  us  to  tentatively 
ascribe  the  MH3  and  H3  centers  to  interstitial  complexes 
including  hydrogen  and  boron. 
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Abstract 

We  report  a  systematic  investigation  on  the  Fermi-level  dependence  of  the  formation  of  two  different  types  of 
hydrogen  molecules  in  silicon.  Hydrogen  molecule  at  the  tetrahedral  (T)  site  (H2(T))  is  formed  only  in  heavily  doped  n- 
type  below  200°C,  but  is  observed  both  in  the  n-  and  p-type  above  200°C.  The  temperature  dependence  is  due  to  the 
increase  of  the  thermally  activated  carrier  concentration.  The  possible  precursors  of  the  H2(T)  are  H  +  (BC)  and  H°(BC) 
in  the  p-type,  and  H”(T)  and  H°  in  the  n-type.  The  Fermi  level  dependence  of  the  formation  of  the  hydrogen  molecule 
trapped  in  platelets  (H2(p))  above  250°C  is  very  different  from  that  below  250°C.  The  result  suggests  that  platelets  are 
formed  from  hydrogen-complexes  other  than  the  H2  above  250°C.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Tt;  63.20.Pw 

Keywords:  Hydrogen  molecule;  Crystalline  silicon;  Fermi  level 


Among  a  number  of  different  configurations  of 
hydrogen  in  semiconductor,  molecular  hydrogen  (H2) 
has  been  attracting  an  increasing  attention  especially 
since  the  first  experimental  confirmation  of  its  existence 
in  silicon  (Si),  in  1996  [1,2].  The  H2  in  the  Si  is 
chemically  inactive  and  predicted  by  many  theoretical 
calculations  to  be  very  low  in  energy  [3-5].  Recent 
vibrational  spectroscopic  studies  revealed  at  least  two 
types  of  the  H2  in  crystalline  Si  after  exposure  to 
hydrogen  plasma.  The  two  H2  have  different  vibrational 
frequencies  corresponding  to  the  different  sizes  of  their 
trapping  sites  and  accordingly  the  different  strengths  of 
interaction  with  their  surroundings.  The  vibrational  line 
at  4158  cm”1  has  been  attributed  to  the  H2  trapped  in 
platelets  [6],  i.e.,  planar  defects  of  diameters  up  to 
lOOnm,  while  that  at  3605  cm”1  to  the  H2  at  the 
tetrahedral  (T)  interstitial  site  [7-9].  The  intensities  of 
the  two  H?  depended  strongly  upon  the  substrate  type 
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and  the  temperature  during  hydrogenation  [10].  In  the 
present  study,  we  report  a  systematic  study  on  the 
Fermi-level  dependences  of  the  formation  of  the  H2  in 
the  Si.  The  Fermi-level  position  is  controlled  by  doping 
P  or  B  atoms  in  the  Si  over  a  wide  range.  Changing  the 
Fermi-level  position  with  respect  to  the  band  gap  is 
expected  to  cast  light  upon  the  formation  mechanisms  of 
hydrogen  molecules,  since  it  would  affect  the  stable 
configuration  of  atomic  hydrogen  in  the  Si  [3-5]. 

Float  zone  (FZ)  p-type  Si  wafers  with  a  resistivity  of 
>50Qcm  were  used  as  silicon  substrate.  In  order  to 
obtain  n-  and  p-type  Si  samples,  50keVP  +  and 
30keVB+  ions  were  implanted  in  the  FZ  Si  wafers  at 
various  fluences  ranging  from  1  x  1012  to  1  x  1015P+/ 
cm2  and  from  1  x  1012  to  1  x  101"  B  +  /cm2,  respectively. 
The  ion  energies  were  selected  to  cover  the  optical 
penetration  depth  of  the  visible  light  used  in  the  Raman 
scattering  measurements.  The  implanted  samples  were 
annealed  at  900°C  for  30  min  in  an  atmosphere  of 
flowing  N2  gas  to  activate  the  implanted  dopants 
and  annihilate  other  defects.  The  resulting  dopant 
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concentrations  ranged  from  1.6  xlO17  to  1 .6  x  1 020 P/ 
cm3  and  1.0  x  1017  to  1.0  x  IOJIB/cnr\  The  Fermi  level 
£t;ermi  of  each  Si  sample  was  estimated  from  the 
concentration  and  the  hydrogenation  temperature  [11], 
neglecting  passivation  of  dopants  by  atomic  hydrogen. 
All  the  Si  samples  were  hydrogenated  with  atomic 
hydrogen  in  a  remote  downstream  of  hydrogen  plasma 
for  30 min.  The  samples  were  placed  in  the  quartz  tube 
60  cm  apart  from  the  plasma  to  suppress  the  damage 
by  the  activated  species.  The  error  bar  in  the  substrate 
temperature  during  hydrogenation  was  +  10C  for 
different  positions  in  the  furnace.  The  details  of  the 
method  and  hydrogenation  conditions  have  been 
reported  elsewhere  [12.13].  Raman  scattering  measure¬ 
ments  were  performed  at  room  temperature  using  a 
514.5  nm  light  as  an  excitation  source.  In  the  present 
study,  all  the  Raman  intensities  u'ere  normalized  by  the 
intensity  of  the  optical  phonon  of  Si  of  the  same  sample 
measured  under  the  same  condition. 

Fig.  1  shows  the  Raman  spectra  of  the  Si  samples 
after  hydrogenation  for  30  min  at  a  substrate  tempera¬ 
ture  of  165  C.  The  w'eak.  relatively  narrow'  Raman  line 
around  3600  cm  '*  was  assigned  to  the  H2  at  the  T  sites 
<H2(T))  in  the  preceding  infrared  [7,8]  and  Raman  [9] 
studies.  At  this  hydrogenation  temperature,  H2(T)  was 
observed  only  for  the  n-type  Si  samples.  The  small  peak 
around  3650  cm  1  is  the  O-H  stretching  of  water  in  the 
air  and  decreases  under  N2  purge.  The  broader  Raman 
line  around  4150cm  \  which  was  attributed  to  the  H2 
trapped  in  the  platelets  (H2(p))  [6],  was  observed  for  all 
the  samples  except  very  heavily  doped  n-type  Si.  We  also 
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Fig.  I.  The  Raman  spectra  of  the  Si  samples  at  different  P  and 
B  doping  concentrations  after  hydrogenation  at  165  C  for 
30 min.  The  Raman  lines  around  2000.  3600  and  4150cm  1  are 
attributed  to  the  SiH(p).  H:(T),  and  H2(p).  respectively.  The 
vertical  axis  is  normalized  by  the  integrated  Raman  intensity  of 
the  optical  phonon  line  of  silicon. 
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observed  Raman  band  due  to  the  Si-H  bonds 
terminating  platelets  (Si-H(p))  around  2100cm  ', 
whose  intensity  showed  a  good  correlation  with  that  of 
the  H2(p). 

The  formation  of  the  hydrogen  molecules  is  not 
determined  solely  by  the  Fermi-level  position,  but  is  also 
affected  by  the  hydrogenation  temperature.  Fig.  2  shows 
the  Raman  spectra  of  the  Si  samples  after  hydrogenation 
at  305  C.  The  formation  of  the  H2(T)  was  maximum  in 
n-type,  but  was  also  observed  in  the  p-type.  The  H2(p) 
intensity  exhibited  a  maximum  for  a  moderately  doped 
p-type  Si.  It  is  noted  that  the  intensities  of  the  H2(T)  and 
H2(p)  exhibited  an  anti-correlation  to  each  other  after 
hydrogenation  at  305  C.  Fig.  3  summarizes  their  Raman 
intensities  after  hydrogenation  at  different  temperatures 
as  a  function  of  the  Fermi-level  position. 

In  the  present  study,  hydrogen  is  introduced  as 
neutral  H  atoms  into  the  Si  samples.  The  energetically 
favorable  position  and  charge  state  in  the  Si  are 
determined  by  the  position  of  the  Fermi  level.  In  many 
calculations,  there  is  an  agreement  that  H  is  stable  at  a 
bond-center  (BC)  site  with  a  positive  charge  in  the  p- 
type  and  at  a  T  site  with  a  negative  charge  in  the  n-type 
[3-5,14-16].  However,  the  global  minimum  for  neutral 
H  (H°)  is  still  controversial.  We  interpret  the  suppres¬ 
sion  of  the  H2(T)  formation  in  p-type  below  200  C  to  be 
due  to  the  Coulomb  repulsion  between  twro  H a  (BC)  and 
the  lack  of  electrons  to  form  interatomic  bonds  [5]. 
Above  200X  on  the  other  hand,  the  intrinsic  carrier 
concentration  exceeds  the  acceptor  concentration.  The 
H  f  (BC)  acts  as  a  donor  with  an  electronic  state  slightly 
below'  the  conduction  band  minimum  [4,16-18],  then 
captures  an  electron  and  forms  H°(BC).  The  reaction 
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Fig.  2.  The  Raman  spectra  of  the  Si  samples  at  different  P  and 
B  doping  concentrations  after  hydrogenation  at  305  C  for 
30 min.  The  vertical  axis  is  normalized  by  the  integrated  Raman 
intensity  of  the  optical  phonon  line  of  silicon. 
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Fig.  3.  The  integrated  Raman  intensities  of  the  H2(T)  and 
H2(p)  in  the  Si  samples  after  hydrogenation  as  a  function  of  the 
Fermi-level  position  £> crmi-  The  intensities  are  normalized  by 
that  of  the  optical  phonon  of  silicon.  £cbm  denotes  the 
conduction  band  minimum. 

H°(BC)  +  H+(BC)->H2(T)  is  thus  promoted  thermally 
in  p-type  at  high  temperatures.  The  effective  formation 
of  the  H2(T)  in  heavily  doped  n-type  below  200°C 
suggests  the  absence  of  Coulomb  repulsion,  i.e.,  the 
coexistence  of  the  H~(T)  and  H°.  Since  H(T)  has  on  a 
deep  level  in  the  middle  of  the  band  gap  [16]  or  closer  to 
the  valence  band  maximum  [4],  the  maximum  of  H2(T) 
formation  near  the  conduction  band  minimum  may 
be  explained  better  by  assuming  that  H°  is  at  the  BC 
than  at  T. 

Our  results  on  the  Fermi-level  dependence  of  the 
H2(p)  formation  was  very  different  from  that  of  the 
platelet  concentration  studied  by  transmission  electron 
microscopy  (TEM)  [17,18],  which  was  increased  mono- 
tonically  as  the  Fermi  level  approached  the  conduction 
band  minimum.  A  possible  reason  for  the  large 
discrepancy  is  the  different  methods  of  the  sample 
preparation.  In  the  previous  TEM  work,  the  samples 
were  hydrogenated  sequentially  at  two  different  tem¬ 
peratures  (150°C  and  275°C)  to  nucleate  platelets  and 
extend  them  up  to  100  nm  size,  respectively.  We  have 
confirmed  that,  for  the  hydrogenation  temperature 
above  250°C,  the  formation  of  the  H2(p)  is  remarkably 
enhanced  when  the  sample  is  exposed  to  the  H  atoms  at 
a  lower  temperature  in  advance  [10].  The  resemblance  of 
the  Fermi-level  dependences  of  the  H2(T)  in  the  present 
study  and  the  platelet  concentration  in  the  previous 
TEM  work  suggests  a  possibility  that  the  H2(T)  is 
transformed  into  platelets  when  the  sample  is  hydro¬ 
genated  again  at  a  higher  temperature.  We  have 


confirmed  the  possibility  by  performing  thermal  anneal¬ 
ing  on  an  n-type  sample  in  which  considerable  amount 
of  H2(T)  and  very  little  H2(p)  were  observed.  After 
furnace  anneal  at  55°C  for  30  min,  the  Raman  peak  of 
H2(p)  was  increased  significantly.  With  increasing 
annealing  temperature,  the  intensities  H2(T)  and  H2(p) 
were  decreased  and  increased,  respectively.  The 
result  may  also  explain  the  anti-correlation  between 
the  intensities  of  the  H2(T)  and  that  of  the  H2(p)  at 
305°C. 

The  H2(p)  formation  below  235°C  was  not  signifi¬ 
cantly  dependent  on  the  Fermi  level  except  for  very 
heavily  doped  n-type,  whereas  it  exhibited  a  rather 
complicated  dependence  on  the  Fermi  level  at  305°C. 
Since  the  H2(p)  is  stable  up  to  400°C,  the  temperature 
dependence  may  be  due  to  the  thermal  stability  of  the 
precursors  of  platelets  [19].  Theoretical  calculations 
suggest  that  the  diatomic  complex  H2  is  a  precursor  of 
the  {1  1  1}  platelets  [20,21].  An  infrared  absorption  study 
reported  that  H2  was  annealed  out  below  250°C  [22], 
being  consistent  with  our  observation  on  the  tempera¬ 
ture  dependence  of  H2(p).  On  the  other  hand,  the 
insensitiveness  of  H2(p)  intensity  to  the  Fermi  level  is 
very  different  from  the  theoretically  predicted  Fermi- 
level  dependence  of  H2,  and  leaves  room  other 
precursors.  The  Fermi-level  dependence  for  305°C 
hydrogenation,  which  has  a  maximum  when  the  Fermi 
level  is  in  the  mid-gap,  suggests  that  H  +  (BC)  and  F10(T) 
are  involved  in  the  formation  of  platelets. 

In  conclusion,  we  observed  a  significant  Fermi  level 
and  temperature  dependences  of  the  formation  of  the 
two  different  types  of  H2  in  hydrogenated  crystalline  Si. 
The  H2(T)  is  formed  mainly  from  H°  and  H-(T)  in  the 
n-type  and  from  H°(BC)  and  H  +  (BC)  in  the  p-type.  The 
latter  mechanism  is  activated  thermally  above  200°C. 
The  temperature  dependence  of  the  H2(p)  formation  is 
consistent  with  the  model  in  which  the  H2  is  the 
precursor,  whereas  the  Fermi-level  dependence  suggests 
the  existence  of  other  configurations  of  hydrogen  as  the 
precursors. 
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Abstract 

The  results  of  IR  studies  of  H  interactions  with  radiation-induced  defects  in  crystalline  Si  implanted  with  protons 
(Si :  H)  are  presented.  Wide  doublets  at  -1980,  2060  and  -720,  620cm  1  with  relatively  low  thermal  stability  (the 
doublets  are  fully  annealed  at  550  K)  appear  in  IR  absorption  spectra  of  Si :  H  when  implantation  dose  is  increased.  It  is 
shown  that  the  doublets  may  be  assigned  to  nuclei  of  two  hydrogenated  amorphous  phases  with  different  densities.The 
Si :  H  stretching  spectra  of  as-implanted  samples  are  greatly  simplified  with  the  increasing  implantation  dose.  Four 
groups  of  IR  bands  predominate  at  high  implantation  doses:  2222  cm  1  — VH4;  2072  cm  1  V2H2;  the  doublet  at  2 1 66, 
2191  cm-1 — V?H6;  1967 cm-1— an  interstitial-type  complex  and  the  doublet  at  2107,  2122cm-1— a  vacancy-type 
complex.  It  is  shown  that  the  doublet  at  2107,  2122  cm-1  may  be  tentatively  assigned  to  V6H12  which  can  serve  as  nuclei 
or  precursors  of  the  {1  1  1}  platelets.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Hydrogen;  Vacancies;  Platelets 


1.  Introduction 

A  lot  of  IR-active  H-related  defects  were  discovered  in 
crystalline  Si:H  hydrogenated  in  different  ways  [1]. 
Intensive  investigations  using  co-doping  with  H  and  D, 
uniaxial  stress  and  impurity  effect  were  not  successful  in 
unambiguously  discriminating  between  hydrogenated 
vacancy-  and  interstitial-type  complexes  [2-5]. 

Earlier  [6]  we  discovered  correlated  step  function 
behavior  of  temperature  dependence  of  anharmonicity 
between  Si-H  stretching  lines  lying  above  and  below 
2000  cm-1.  Detailed  investigations  [7-11]  revealed  that 
anharmonicity  representing  the  Si-H  dipole  coupling  to 
a  defect  host  is  sensitive  to  hybridization  character  and 
coordination  of  Si  atom  bonded  to  H  that  enables  to 
make  two  most  important  conclusions: 

1 .  Si-H  stretching  and  bending  lines  may  be  separated 
into  two  different  groups.  Lines  in  the  2000-2250  and 
550-700  cm-1  ranges  are  characteristic  of  vacancy- 
type  complexes  while  lines  in  the  1900-2000  and  700- 
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800  cm-1  ranges  are  connected  with  interstitial-type 
complexes. 

2.  The  analysis  of  various  molecular  configurations  of 
H-related  complexes  allows  us  to  conclude  that  local 
Si-H  modes  of  large  complexes  are  mainly  deter¬ 
mined  by  simple  structural  units  such  as  hydroge¬ 
nated  vacancies  (VH,  VH2,  VH3)  and  <100)  split 
Si-interstitialcies  (IH,  IH2). 

Using  these  findings  we  have  identified  Si-H  lines 
related  to  vacancy-  and  interstitial-type  defects  [7-11]: 
2223  and  634cm-1— VH4;  2166,  2191  and  610, 
668 cm-1— V2H6;  2072  and  610cm-1— V2H2  consisting 
of  two  VH  structural  units  in  VH©VH  configuration; 
2107,  2122  and  588,  610,  694cm-1— a  complex  consist¬ 
ing  of  several  VH2  units  in  VH2©VH2  ©  0VH2 
configuration;  1957,  1967  and  718,  750  cm-1 — {110} 
interstitial  chains  consisting  of  two  (or  more)  <  1  00)- 
oriented  IH  and  IH2  structural  units.  All  these  assign¬ 
ments  were  confirmed  in  other  works  both  theoretically 
[12-14]  and  experimentally  [4,5,15]. 

In  this  paper,  we  study  dose  dependence  of  IR  spectra 
of  Si :  H  implanted  with  high-energy  protons.  We  use  the 
above-mentioned  findings  to  consider  an  “amorphous” 
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background  IR  spectrum  of  Si :  H  and  the  behavior  of 
local  IR  lines  associated  with  vacancy-type  complexes  as 
well  as  of  the  1.8  p  band  [16]  related  to  V2. 


2.  Experimental  details 

High-purity  Si  crystals  (AB<  1014cm  \ 
AW  <10!- cm  ')  were  implanted  near  300  K  with  7 
and  30MeV  protons  up  to  doses  of  I0lsion/cnr.  The 
samples  were  heat  treated  for  1 5  min  in  the  range  of  1 25- 
650  C  with  the  step  25C.  IR  spectra  of  Si :  H  were 
measured  at  80  and  300  K  with  the  resolution  of  0.5- 
4cm  1  in  the  400-10000 cm  1  spectral  range. 


3.  “Amorphous”  background  in  the  Si :  H  spectra 

Wide  doublets  at  —  1 980,  2060  cm  1  and  -720, 
620  cm"  1  (shown  by  dashed  line  in  Fig.  1)  appear  in 
IR  spectra  of  Si:H  with  the  implantation  dose.  The 
doublets  may  be  considered  as  an  “amorphous"  back¬ 
ground  of  Si-H  local  vibrational  spectra.  They  have 
relatively  low  thermal  stability  and  are  fully  annealed  at 
about  550  K.  No  direct  correlation  of  the  “amorphous" 
background  annealing  with  changes  in  Si-H  spectrum 
was  found. 

It  is  known  [17]  that  H  atoms  in  plasma-deposited  a- 
Si:H  may  be  bonded  in  SiH,,  SiH2  and  SiH3  config¬ 
urations.  The  ratio  between  SiHh  SiH2  and  SiH2 
strongly  depends  on  the  growth  conditions,  the  most 
qualitative  a-Si :  H  consists  of  mainly  SiHrradicals  with 
stretching  and  bending  modes  at  -1990cm  1  and 
-630-640 cm”1.  It  was  found  [18]  that  the  Si-H 


Fig.  1.  An  “amorphous"  background  in  Si:H  spectra.  The 
background  appears  after  30  MeV  proton  implantation  through 
aluminum  foils  at  doses  above  10I7H  '  /cm2. 


stretching  band  is  monotonously  displaced  to 
-2060cm  '  with  decreasing  a-Si:H  deposition  tem¬ 
perature.  This  effect  was  explained  by  the  SiH)  bonds 
coordination  which  becomes  close  to  tetrahedral. 

The  Si :  H  “amorphous"  background  is  close  to  the 
SiH  |  stretching  bands  in  a-Si :  H  spectrum  while  in 
bending  range  it  includes  the  second  component  at 
720  cm  1  and  differs  from  a-Si :  H  spectrum.  Taking  into 
account  the  low  thermal  stability,  the  Si:H  “amor¬ 
phous"  background  may  be  associated  with  intermedi¬ 
ate  phases  precursor  to  a-Si:H:  groups  at  -  1980, 
720  cm  1  and  —2060,  620  cm”1  may  be  assigned  to 
SiH i -radicals  in  the  vicinity  of  “amorphous"  agglom¬ 
erations  of  intrinsic  interstitials  and  vacancies,  respec¬ 
tively. 

The  “amorphous"  agglomerations  of  H  with  intrinsic 
interstitials  and  vacancies  may  be  considered  as  two 
different  ocr  and  av-phases.  Since  the  -720cm  '1 
component  is  not  observed  in  a-Si :  H  spectrum  the  %- 
phase  differs  from  a-Si :  H.  Indeed,  the  density  of 
agglomerations  of  intrinsic  interstitial  atoms  in  Si  should 
be  higher  than  the  density  of  a  matrix,  while  the  density 
of  a-Si :  H  prepared  by  H  implantation  [19]  is  lower  than 
the  density  of  Si.  At  the  same  time,  IR  spectrum  of  the 
av-phase  is  close  to  SiH]  modes  in  a-Si :  H  obtained  at 
low  deposition  temperatures  [18]  when  the  coordination 
of  bonds  is  close  to  tetrahedral. 


4.  Dose  behavior  of  point  vacancy-type  defects  in  Si :  H 

At  low  implantation  doses  the  Si :  H  IR  spectra 
contain  a  lot  of  Si-H  lines  as  well  as  broad  absorption 
bands  due  to  electronic  transitions  of  V2.  Si-H  spectrum 
is  considerably  simplified  with  implantation  dose  in¬ 
creasing  and  lines  related  to  vacancy-type  complexes 
such  as  VH4,  V2H6.  etc.  predominate. 

Fig.  2  shows  dose  dependence  of  vacancy-type  com¬ 
plexes  and  V2.  The  defects  concentrations  are  saturated 
at  a  dose  of  8  x  1017  H  *  /cm2  and  then  begin  to  decrease, 
the  V2  removal  is  very  abrupt.  The  “amorphous" 
background  absorption  related  to  aj-  and  xv-phases 
simultaneously  grows.  At  the  same  time  a  group  of 
relatively  low-intensity  Si-H  lines  in  the  2 100-2 150  cm'  ! 
range  is  simplified  and  doublet  lines  at  2107,  2122cm-1 
(at  77 K.  2104.  2120cm”1  at  300K)  appear  and  grow, 
this  process  correlates  with  the  V2  abrupt  removal. 

The  data  show  that  point  H-related  complexes  are 
formed  at  initial  implantation  stage  when  concentrations 
of  the  «j-  and  av-nuclei  are  low.  These  complexes 
effectively  trap  H  atoms  up  to  the  saturation  of  all 
dangling  bonds  and  are  stabilized  outside  the  y.r  and 
nuclei.  At  the  following  implantation  stage  point  defects 
migrate  to  “amorphous"  nuclei  and  are  trapped  there. 
At  large  implantation  doses  the  y.r  and  2v-nuclei  capture 
point  complexes  and  join  with  the  formation  of  a-Si :  H. 
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Fig.  2.  Dose  dependence  of  main  IR  lines  in  the  spectra  of 
crystalline  Si  implanted  with  7MeV  protons  at  near  room 
temperature. 

These  conclusions  are  in  a  good  agreement  with  the  data 
of  experiments  on  hydrogenated  a-Si :  H  prepared  by  ion 
implantation  [19],  in  which  it  was  shown  that  the  dose  of 
Si  amorphization  considerably  decreases  if  a  sample  was 
previously  implanted  by  H. 

At  low  implantation  doses  the  2072  cm-1  line  related 
to  V2H2  consisting  of  two  VH  structural  units  in 
VH0VH  configuration  is  most  intense  in  Si-H  spec¬ 
trum  (Fig.  2).  At  higher  doses  the  2072  cm-1  line  is 
removed  and  this  may  be  explained  by  trapping  of 
additional  H  with  the  transformation  of  V2H2  to  V2H6. 
Indeed,  annealing  of  the  2072  cm-1  line  at  a  temperature 
of  ~570K  directly  correlates  with  growth  of  the  2166, 
2191  cm-1  doublet  lines  associated  with  V2H6. 

It  is  seen  from  dose  dependences  (see  Fig.  2)  that  VH4 
forms  before  V2H6  and  has  different  behavior.  Anneal¬ 
ing  characteristics  of  these  two  centers  do  not  also 
correlate  with  each  other.  The  2222  cm-1  line  and  the 
2166,  2191  cm-1  doublet  lines  related  to  VH4  and  V2H6, 
respectively,  as  well  as  the  2107,  2122cm-1  doublet  lines 
associated  with  a  complex  consisting  of  VH2  units  in 
VH2 0 VH2 0  0 VH2  configuration  [7-1 1]  are  the 
most  intensive  local  Si-H  lines  at  high  doses  and  after 
annealing  above  600  K.  So  dose  dependencies  and 
annealing  characteristics  of  Si-H  lines  related  to 
vacancy-type  defects  reveal  [8]  that  predominating 
complexes  in  Si:H  are  complexes  containing  even 
number  of  H  atoms  such  as  VH4,  V2H2,  V2H6,  etc. 
Intermediate  complexes  containing  odd  number  of  H 
atoms  have  unpaired  electron  on  dangling  Si-bonds  and 
are  acceptors,  therefore,  the  complexes  effectively  traps 
H  atoms  which  are  in  the  I +  state.  In  [10],  we  found  that 
these  acceptor-like  complexes  serve  as  compensating 


OOOOOO  Si  atoms  in  different  planes 
•  H  atoms 

Fig.  3.  Hydrogenated  hexavacancy  in  Si.  This  complex  can 
serve  as  nuclei  or  precursors  of  the  { 1  1  1 }  platelets  observed  in 
[22]. 


centers  for  shallow  donors.  Weak  lines  in  the  2000- 
2200  cm-1  range  related  to  VH,  VH2  and  VH3  structural 
units  may  be  assigned  to  these  complexes. 

The  V2  dose  dependence  does  not  correlate  with 
dependencies  for  VH4  and  V2H6  (Fig.  2).  Very  abrupt  V2 
removal  at  high  doses  correlates  only  with  growth  of  the 
2107,  2122  cm-1  doublet  lines  and  its  mechanism  may  be 
connected  either  with  the  V2  capture  in  the  vicinity  of 
the  a j-  and  a v -nuclei  or  with  H-enhanced  agglomeration 
of  V2  into  multivacancy  complexes.  In  the  first  case,  it  is 
expected  that  the  ai-nuclei  will  be  removed  while  the  ay- 
nuclei  will  grow.  However,  we  did  not  observe  a 
noticeable  change  of  the  Si-H  “amorphous”  back¬ 
ground.  In  the  second  case,  one  can  expect  the 
formation  of  multivacancy  complexes  such  as  {110} 
planar  tetravacancy  chain  and  non-planar  pentavacancy 
[20]  as  well  as  ring  hexavacancy  [21],  which  has  to  be 
most  stable  vacancy-type  defect  in  Si. 

Hydrogenated  tetravacancy  consisting  of  two  end 
VH3  units  and  two  central  VH2  units  should  have 
doublet  Si-H  stretching  modes  near  2166,  2191cm-1 
and  2107,  2122  cm-1  with  about  equal  intensity  of 
related  IR  lines.  In  case  of  pentavacancy  one  should 
observe  doublet  lines  near  2166,  2191cm-1  and  2107, 
2122  cm-1  related  to  three  VH3  and  one  VH2  units, 
respectively,  as  well  as  a  single  line  near  2072  cm-1 
connected  with  VH  unit;  the  intensities  ratio  for 
doublets  and  single  line  should  be  3:1:1.  However,  we 
did  not  observe  any  group  of  Si-H  IR  lines  correlating 
with  vibrations  of  hydrogenated  tetravacancy  and 
pentavacancy. 

The  V2  removal  may  be  caused  by  H-enhanced  V2 
agglomeration  with  the  formation  of  V6H12  consisting  of 
six  VH2  units  (Fig.  3)  which  may  be  identified  with  the 
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2107,  2122  cm  1  doublet  as  we  proposed  in  [10]. 
Annealing  temperature  of  the  2107  and  2122cm  1 
doublets  (>600  C)  is  high  in  comparison  with  most 
other  IR  bands.  This  correlates  with  thermal  stability  of 
hexa vacancy  [21]. 
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Abstract 

Hydrogen  molecule  has  been  observed  in  ion-implanted  silicon  and  attributed  to  be  trapped  in  a  multi-vacancy 
(H2(MV)).  In  order  to  clarify  the  structure  of  the  multi -vacancy  trap  of  H2(MV),  we  investigated  correlation  between 
thermal  annealing  of  multi-vacancies  and  H2(MV).  The  results  indicated  that  the  main  multi-vacancy  trap  is  an  H- 
terminated  di-vacancy  (V2H6)  and  that  it  is  formed  not  only  by  ion-implantation,  but  also  by  transformation  from 
larger  multi- vacancy  such  as  V6  and  Vi0  during  hydrogenation.  A  broad  Raman  line  observed  at  2030  cm"1  may  be 
attributed  to  the  Si-H  in  the  multi-vacancy  trap.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Hydrogen  molecule;  Multi-vacancy;  Annealing;  Si-H 


Hydrogen  is  an  important  impurity  in  semiconduc¬ 
tors.  It  changes  electrical  properties  by  passivating 
dopants  and  terminating  dangling  bonds  around  defects 
[1].  Hydrogen  molecule  is  chemically  inactive,  and  has 
been  observed  by  vibrational  spectroscopies  in  silicon 
[2^4]  and  GaAs  [5].  In  silicon,  three  types  of  hydrogen 
molecules  with  different  vibrational  frequencies  have 
been  reported.  The  hydrogen  molecules  whose  sharp 
Raman  line  appears  at  3605  cm"1  was  attributed  to 
hydrogen  molecule  that  is  located  at  the  tetrahedral  (T) 
interstitial  site  of  silicon  lattice  (H2(T))  [6].  The  broad 
Raman  line  at  4158  cm-1  is  considered  to  be  the 
hydrogen  molecule  trapped  in  a  planar  defect  called 
platelet  (H2(p))  [4].  These  two  hydrogen  molecules  were 
observed  in  crystalline  silicon  after  hydrogenation. 
On  the  other  hand,  the  Raman  line  at  3822  cm-1  was 
observed  in  ion-implanted  silicon  and  assigned  as  the 
hydrogen  molecule  trapped  by  multi-vacancies 
(H2(MV)),  because  it  was  observed  only  in  ion- 
implanted  silicon  [7,8].  A  theoretical  simulation  indi- 
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cates  that  the  vibration  frequency  of  hydrogen  molecule 
is  affected  significantly  by  the  size  of  multi-vacancy,  and 
is  3834cm-1  for  the  hydrogen  molecule  trapped  by  a 
H-terminated  di-vacancy  (V2H6)  [9].  According  to  the 
calculation,  hydrogen  molecule  is  not  stable  in  V2H6  but 
at  the  nearest  T  site  to  it. 

In  ion-implanted  silicon,  single  vacancies  are  unstable 
at  room  temperature  and  form  various  sizes  of  multi¬ 
vacancies  such  as  di-vacancy  (V2)  and  four-vacancy  (V4) 
[10,11].  In  our  previous  study,  we  performed  detailed 
annealing  experiments  to  study  the  stability  of  H2(MV) 
[12].  The  observed  annihilation  of  H2(MV)  under 
thermal  annealing  was  attributed  to  the  diffusion  of 
H2(MV)  out  of  the  multi-vacancy  trap  rather  than 
the  annihilation  of  the  multi-vacancy  itself,  because 
H2(MV)  was  observed  again  when  we  re-hydrogenated 
the  sample  after  thermal  annealing.  The  activation 
energy  of  the  thermal  annihilation  of  H2(MV)  was 
estimated  to  be  0.8  eV,  and  is  interpreted  to  be  the 
potential  barrier  for  the  hydrogen  molecule  to  go  out  of 
the  trap  site  to  the  neighboring  T  site.  However,  the 
structure  of  multi-vacancies  has  not  been  clear.  In  the 
present  study,  we  investigated  the  thermal  stability  of 
the  multi-vacancy  trap  itself,  without  H-termination. 
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For  this  purpose,  we  carry  out  thermal  annealing  on 
freshly  ion-implanted  silicon  and  then  hydrogenate  each 
sample  in  order  to  investigate  the  structure. 

Floating  zone  (FZ)  p-type  silicon  wafers  with  a 
resistivity  of  >50 Ocm  were  used  as  silicon  substrates. 
To  obtain  silicon  samples  with  multi-vacancies,  200  keV 
Si  were  implanted  in  the  FZ  silicon  wafer  at  a  fluence 
of  2  x  1 014  Si +  /cm2.  This  fluence  leads  to  an  effective 
formation  of  H2(MV)  [7].  The  ion  energies  were  selected 
to  cover  the  optical  penetration  depth  of  visible  light 
used  in  the  Raman-scattering  measurements.  The 
implanted  samples  were  annealed  at  different  tempera¬ 
tures  between  50  C  and  655  C  for  30  min  in  an 
atmosphere  of  flowing  N2  gas  to  determine  the  thermal 
stability  of  multi-vacancies.  The  samples  were  then 
hydrogenated  in  a  remote  downstream  of  hydrogen 
plasma  at  1 80  C  for  30min.  The  hydrogenation 
temperature  corresponds  to  a  very  effective  formation 
of  H2(MV)  with  no  Raman  line  of  H2(p).  Details  of 
the  method  and  hydrogenation  conditions  have  been 
reported  elsewhere  [13].  Raman-scattering  measure¬ 
ments  were  performed  at  room  temperature  using  a 
514.5  nm  light  as  an  excitation  source.  In  the  present 
study,  all  the  Raman  intensities  were  normalized  by  the 
intensity  of  the  optical  phonon  of  silicon  measured  for 
the  same  sample. 

Fig.  1  shows  the  Raman  spectra  of  ion-implanted 
silicon  after  thermal  annealing  at  different  temperatures 
followed  by  hydrogenation  at  I80  C.  Only  the  Raman 
line  of  H2(MV)  around  3820cm  1  was  observed  among 
the  three  hydrogen  molecules  for  the  samples  hydro¬ 
genated  without  preceding  thermal  annealing  (bottom  in 
Fig.  1(a)).  The  Raman  intensity  of  H2(MV)  was 


decreased  monotonically,  with  increasing  annealing 
temperature  before  hydrogenation,  and  the  Raman  lines 
of  H2(p)  around  4160cm  1  were  increased.  It  is  noted 
that  H2(MV)  was  still  observed  after  annealing  at 
temperatures  higher  than  550  C.  The  line  shape  of 
H2(MV)  was  hardly  affected  by  annealing  temperature. 
The  Raman  line  of  FI2(T)  was  not  observed  for  any 
sample  studied  here.  This  may  indicate  that  in  silicon 
with  high  density  of  defects,  there  are  other  hidden 
H2(T)  which  cannot  be  observed  by  Raman  measure¬ 
ment. 

The  Raman  spectra  in  the  Si-H  vibration  region, 
shown  in  Fig.  1(b),  consists  of  many  peaks  correspond¬ 
ing  to  Si-H  bonds,  since  there  are  many  kinds  of  H- 
terminated  multi-vacancies  in  the  ion-implanted  sample. 
Most  of  the  Si-H  peaks  were  annealed  below  400  C. 
After  annealing  at  550'C,  no  Raman  lines  were  observed 
except  for  a  small  broad  band  at  2030 cm"  1  and  a 
prominent  peak  around  2l30cirT!.  The  latter  is  the 
Si-H  bonds  of  H-terminated  platelets.  The  small  peak  at 
2030  cm  1  is  not  observed  in  crystalline  silicon  without 
ion-implantation.  It  may  be  attributed  to  the  Si-H  bond 
that  terminates  the  multi-vacancy  trap  of  H2(MV). 

Fig.  2  summarizes  the  Raman  intensity  of  H2(MV) 
as  a  function  of  annealing  temperature.  The  Raman 
intensity  decreased  gradually  with  increasing  annealing 
temperature.  No  clear  annealing  stages  were  observed. 
This  result  suggests  that  several  multi-vacancies  with 
different  annealing  stages  are  involved  in  the  trap  of 
H2(MV). 

A  theoretical  simulation  showed  that  hydrogen 
molecule  is  not  stable  in  a  H-terminated  di-vacancy 
(V2Hf>)  but  at  the  nearest  T  site  to  V2H6  [9].  The 
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Fig.  2.  The  Raman  intensity  of  H2(MV)  as  a  function  of  the 
annealing  temperature. 

vibrational  frequency  was  calculated  to  be  3834  cm  1 
for  hydrogen  molecule  near  V2H6.  The  vibrational 
frequency  of  hydrogen  molecule  trapped  in  tri-vacancy 
(V3)  and  lager  multi-vacancies  was  around  4000  cm"1, 
comparable  to  that  of  H2(p)  and  gaseous  H2.  Thus,  we 
propose  that  V2H6  is  the  main  trap  of  H2(MV).  On 
the  other  hand,  H2(MV)  was  observed  after  annealing 
up  to  600°C.  This  temperature  is  much  higher  than  the 
experimentally  determined  annealing  stage  of  negative 
di-vacancy  (V7),  350°C  and  four-vacancy  (V4),  400°C. 
Theoretical  calculations  predicted  that  multi-vacancies 
in  silicon  have  magic  numbers  for  their  stabilities, 
i.e.  six-vacancy  (V6)  [9,14]  and  ten-vacancy  (V10)  [9] 
are  much  more  energetically  favorable.  However,  the 
frequency  of  hydrogen  molecule  in  such  larger  multi¬ 
vacancies  should  become  higher.  Taking  into  account 
that  the  observed  vibrational  frequency  of  H2(MV)  is 
almost  independent  of  annealing  temperature,  we 
tentatively  explain  the  H2(MV)  observed  after  high- 
temperature  annealing  as  a  result  of  transformation 
from  V6  and  V10  into  V2H6  during  hydrogenation.  The 
transformation  is  plausible,  since  atomic  hydrogen  in 
silicon  is  very  aggressive  in  breaking  Si-Si  bonds  and 
forming  H-related  defects.  Another  possible  explana¬ 
tion  is  that  H2(MV)  is  trapped  in  the  nearest  T  site  to 
multi-vacancies  of  various  sizes,  e.g.  V2,  V4,  V6  and  Yi0, 
assuming  that  the  vibrational  frequency  is  not  signifi¬ 
cantly  affected  by  the  multi-vacancy  size. 

In  conclusion,  we  have  investigated  the  thermal 
stability  of  multi-vacancy  to  determine  the  structure 
which  traps  H2(MV).  The  results  indicated  that  the  main 


multi-vacancy  trap  is  H-terminated  di-vacancy  (V2H6), 
and  that  it  is  formed  not  only  by  ion-implantation,  but 
also  by  transformation  from  larger  multivacancies  such 
as  V6  and  V10  during  hydrogenation.  Another  possibility 
is  that  multi-vacancies  of  various  sizes  trap  hydrogen 
molecule  at  the  nearest  T  site.  The  Raman  line  at 
2030  cm"1  is  attributed  to  the  Si-H-terminating  multi¬ 
vacancy  trap  of  H2(MV). 
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Abstract 

Photoinduced  optical  absorption  in  thin  films  of  hydrogenated  amorphous  silicon  (a-Si :  H)  is  studied  over  the  energy 
range  related  to  electronic  transitions  involving  the  silicon  dangling-bond  defects,  by  using  the  dual-beam  Constant 
Photocurrent  Method  (CPM).  The  subgap  absorption  in  the  range  0.8-1. 4eV  is  observed  to  increase  with  bias  light 
intensity.  Since  CPM  measures  only  transitions  contributing  to  the  photocurrent,  the  subgap  absorption  spectrum” in 
undoped  a-Si:H  is  dominated  by  transitions  between  singly  occupied  Dn  or  doubly  occupied  D  defect  states  and 
conduction  band  extended  states.  The  photoinduced  changes  in  the  subgap  absorption  are  consistent  with  numerical 
calculations  with  a  recombination  model  for  a-Si :  H  which  yield  dangling  bond  electronic  occupations  as  a  function  of 
photogeneration  rate.  The  results  suggest  that  the  observed  changes  in  the  optical  absorption  spectra  are 
mainly  determined  by  changes  in  the  occupation  of  defects  induced  by  the  bias-light.  Co  2001  Elsevier  Science  B.V. 
All  rights  reserved. 
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1.  Introduction 

Electronic  transport  and  recombination  properties  of 
hydrogenated  amorphous  silicon  (a-Si:H)  are  strongly 
dependent  on  localised  defect  states  in  the  semiconduc¬ 
tor  mobility  gap.  The  Constant  Photocurrent  Method 
(CPM)  [1]  has  been  widely  used  to  obtain  information 
on  the  sub  bandgap  structure  of  a-Si :  H  alloys. 
Assuming  uniform  illumination  through  the  thickness 
d  of  the  sample  {y.d <  1)  the  secondary  photocurrent,  /ph, 
measured  with  coplanar  electrodes,  is  proportional  to 
the  optical  absorption  coefficient  and  given  by 
/rh  ztAe&otdti[(nx\.  +  (/<r)h],  where  A  accounts  for  multi¬ 
ple  reflections  at  film  surfaces,  e  is  the  electron  charge,  & 
is  the  photon  flux,  y  is  the  optical  absorption  coefficient. 
?/  is  the  quantum  efficiency  and  (/<t)c,  (/*r)h,  are  the 
mobility-lifetime  products  of  electrons  and  holes. 
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respectively.  In  the  CPM  the  secondary  photocurrent, 
7Ph,  is  kept  constant  over  the  whole  spectral  range  by 
adjusting  the  photon  flux,  <P(hv),  thus  ensuring  that  the 
occupation  of  the  electronic  states  and,  therefore,  the 
/<r  products  remain  constant.  The  optical  absorp¬ 
tion  spectrum,  a(//v),  can  then  be  obtained  from  the 
measurement  of  the  photon  flux,  y(hv)  ^ 
constant /<P(hv).  CPM  measures  only  transitions  con¬ 
tributing  to  the  photocurrent,  i.e.,  leading  to  the 
excitation  of  carriers  to  the  extended  states,  and  is 
dominated  by  the  carrier  with  the  higher  mobility¬ 
lifetime  product.  It  detects  only  transport  paths  with  low 
defect  densities,  being  pratically  insensitive  to  surface 
states  in  micrometer  thick  a-Si :  H  samples.  By  illumi¬ 
nating  the  sample  with  a  second  light  beam  the 
occupation  of  the  gap  states  can  be  changed  and 
additional  information  can  be  extracted  from  the 
corresponding  absorption  profiles.  Those  measurements 
with  the  so  called  light-bias  CPM,  or  dual-beam  CPM. 
generally  yield  an  increase  in  the  subgap  absorption 
with  bias  light.  The  effect  has  received  different 
interpretations  like  quasi-fermi  level  splitting  [2-4], 
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defect  relaxation  [5],  change  in  the  electron  recombina¬ 
tion  lifetime  [6,7],  and  has  been  observed  in  undoped 
[2-4,6]  as  well  as  in  n-type  doped  [7]  a-Si:H  thin 
films. 

Quantitative  analysis  have  been  made  by  fitting  the 
photoconductivity  data  with  numerical  models  based  on 
Simmons-Taylor  statistics  and  a  distribution  of  gap 
states  consisting  of  band  tails  and  different  pictures 
for  the  defects,  including  two  Gaussian  bands  of 
midgap  donor-like  and  acceptor-like  states  [3,4],  three 
Gaussian  bands  of  midgap  positively  charged  defect 
states  above  and  negatively  charged  states  below  midgap 
as  well  as  paramagnetic  states  close  to  midgap  [8],  a 
model  later  expanded  with  two  more  Gaussian  defect 
distributions  close  to  the  valence  and  conduction 
bands  [9]. 

In  the  present  work  we  report  dual-beam  CPM 
measurements  on  undoped  a-Si :  H  and  discuss  the 
results  on  the  basis  of  a  numerical  recombination  model 
involving  band-tail  states  and  correlated  dangling  bonds 
in  their  three  states  of  charge  D+,D°,D_. 


2.  Experimental  details 

The  sample  used  in  this  study  is  an  undoped 
a-Si :  H  thin  film  produced  by  Plasma  Enhanced 
Chemical  Vapor  Deposition  from  silane  gas.  The 
dual-beam  CPM  setup  uses  a  tungsten-halogen 
lamp  and  a  monochromator  to  produce  the  monochro¬ 
matic  probe  beam.  The  AC  photocurrent  signal  is 
detected  by  the  lockin-technique  with  a  chopper 
frequency  of  10  Hz.  Control  of  the  probe  beam  light 
flux,  in  order  to  ensure  a  constant  photocurrent,  is 
obtained  by  varying  the  voltage  applied  to  the  lamp  in 
combination  with  a  set  of  neutral  density  filters. 
The  probe  beam  light  intensity  is  measured  by  a 
pyroelectric  detector  with  a  beam-splitter.  The  light  bias 
beam  is  from  a  2mW  He-Ne  laser  (633  nm)  with 
appropriate  atenuation.  In  order  to  minimise  photode¬ 
gradation  effects  during  the  CPM  measurements,  the 
sample  was  previously  exposed  to  the  laser  beam  over 
2h.  All  measurements  were  performed  at  room  tem¬ 
perature. 


3.  Results  and  discussion 

3.1.  Light-bias  CPM  data 

In  Fig.  1  it  is  shown  the  CPM  deduced  optical 
absorption  spectra  for  different  values  of  the  intensity 
of  the  laser  bias  beam  in  terms  of  the  corresponding 
photogeneration  rate  in  the  sample.  The  CPM  measure¬ 
ments  have  been  made  for  a  constant  value  of  the 
photocurrent  in  the  sample  which  corresponds  to  an 


Fig.  1 .  CPM-derived  optical  absorption  spectra  of  the  a-Si :  H 
sample  for  several  bias  beam  intensities. 


estimated  photogeneration  rate  of  1014cm_3s_1  much 
lower  than  those  produced  by  the  bias  beam  in  the 
experiments.  This  means  that  the  electronic  states 
occupation  imposed  by  the  laser  beam  is  practically 
unperturbed  by  the  photoconductivity  measurements. 
The  CPM-derived  spectra  were  calibrated  by  matching 
to  the  optical  absorption  coefficient  obtained  from 
Optical  Transmission  Spectroscopy  for  the  gap  energy 
of  a-Si :  H  around  1 .7  eV.  In  the  absorption  in  Fig.  1  one 
can  distinguish  the  exponential  absorption  region 
related  to  transitions  between  band  tail  states  for 
1.5eV<F<1.7eV,  and  the  sub  gap  region  for 
£<1.5eV  which  is  related  to  transitions  involving  the 
deep  midgap  states.  Interference  fringes  due  to  multiple 
reflections  at  film  surfaces  are  apparent  in  the  low 
absorption  region.  A  clear  increase  in  the  subgap 
absorption  with  bias  light  intensity  can  be  observed  in 
the  spectra  of  Fig.  1.  The  dependence  of  the  optical 
absorption  coefficient  on  the  bias  photogeneration 
rate  for  several  photon  energy  values  is  shown  in 
Fig.  2.  These  results  are  in  qualitative  agreement 
with  reported  trends  [2-9].  In  the  exponential 
absorption  region,  the  spectra  show  a  common  Urbach 
slope  of  50meV.  The  deep  defect  density  is  currently 
estimated  by  the  CPM  technique,  either  from  the 
integrated  excess  absorption  up  to  the  Urbach  tail,  or 
from  the  absorption  coefficient  at  a  single  energy. 
Taking  into  account  the  different  proposed  calibration 
factors  for  the  absorption  coefficient  at  1.2eV  [10]  an 
estimate  of  the  defect  density  is  obtained  in  the  range 
3-7  x  10lscm-3. 
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Fig.  2.  Subgap  absorption  coefficient  as  a  function  of  bias 
beam  intensity  for  several  energies. 


Fig.  3.  Simulated  dependence  of  dangling  bond  charge  state 
densities  on  the  bias  beam  intensity. 


3.2.  Numerical  recombination  model 

In  the  following  we  compare  the  dual-beam  CPM 
data  with  results  from  a  numerical  recombination  model 
for  a-Si :  FI  which  yields  dangling  bond  occupations  as  a 
function  of  photogeneration  rate  [11].  The  silicon 
dangling  bond  defect  is  represented  by  correlated 
discrete  levels  for  the  states  of  charge  D  , D(),D~,  with 
respective  occupation  functions  f\f°,f~  and  total 
density  N r>.  Conduction  and  valence  band-tails  of 
localised  states  have  exponential  distributions  with 
characteristic  energies  £oc  and  £ov,  respectively,  and 
have  electronic  occupations  determined  by  Simmons 
and  Taylor  statistics.  In  the  dual-beam  CPM  the  strong 
bias  beam  determines  the  electronic  occupation  of  the 
gap  states  which  is  then  sensed  by  the  low  intensity 
probe  beam.  In  Fig.  3  one  can  see  the  calculated 
dependences  of  the  densities  of  the  different  dangling 


bond  charge  states  on  the  photogeneration  rate  from 
the  bias  beam.  The  parameter  values  are: 
Nn  =  3  x  10K’cm  \  £„c  =  30meV,  Em  =  50meV. 

-  £d„  =  1  eV,  £c  -  £j)  =  0.6  eV,  where  £c  refers 
to  the  conduction  band  mobility  edge,  and  capture 
cross  sections  of  10  l7cnr.  In  undoped  a-Si:H  the 
photocurrent  is  dominated  by  electrons:  therefore,  the 
CPM  deduced  optical  absorption  spectra  in  the  low 
energy  range  reflect  transitions  between  electron  occu¬ 
pied  gap  states,  the  D°  and  D  states,  and  the 
conduction  band  of  extended  states.  According  to 
Fig.  3,  the  quantity  A;D  f°  +  NDr  increases  with  the 
photogeneration  rate,  consistently  with  the  sub  gap 
optical  absorption  enhancement  observed  in  Figs.  1  and 
2.  A  more  detailed  analysis  that  might  separate  the 
individual  contributions  of  the  Df)  and  D~  states  in  the 
experimental  data  would  require  elaborate  filtering 
procedures  and  extension  to  lower  spectral  energy 
ranges. 


4.  Conclusions 

Photoinduced  changes  in  the  subgap  optical  absorp¬ 
tion  spectra  of  a-Si :  H  derived  from  the  dual-beam  CPM 
technique  are  reported.  The  effect  is  investigated  over 
three  orders  of  magnitude  in  the  bias  beam  intensity. 
The  observed  optical  absorption  enhancement  is  quali¬ 
tatively  consistent  with  results  from  a  recombination 
model,  suggesting  that  the  effect  is  associated  with  the 
increase  in  the  combined  density  of  singly  and  doubly 
occupied  dangling  bond  defect  states  for  increasing  bias 
light  intensity. 


Acknowledgements 

The  author  thanks  Prof.  Reinhard  Schwarz  for 
providing  the  a-Si :  H  sample  produced  at  Technical 
University  of  Munich,  Physics  Department,  Garching. 
The  present  work  is  supported  by  Fundacao  para  a 
Ciencia  e  Tecnologia. 


References 

[1]  M.  Vanecck,  J.  Kocka.  J.  Stuchlik.  A.  Triska.  Solid  State 
Commun.  39  (1981)  1199. 

[2]  S.  Lee,  S.  Kumar.  C.R.  Wronsky.  J.  Non-Cryst.  Solids  316 
(1989). 

[3]  S.  Lee.  M.  Guncs.  C.R.  Wronsky,  N.  Maley.  M.  Bennet. 
Appl.  Phys.  Lett.  59  (1991)  1578. 

[4]  M.  Guncs,  C.R.  Wronsky,  Appl.  Phvs.  Lett.  61  (1992) 
678. 

[5]  D.  Han,  Y.  Xiao,  Mater.  Res.  Soc.  Svmp.  Proc.  297  (1993) 
327. 


E.  Morgado  j  Physica  B  308-310  (2001)  174-177 


177 


[6]  J.  Liu,  G.  Lewen,  J.P.  Conde,  P.  Roca  i  Cabarrocas,  J. 
Non-Cryst.  Solids  164-166  (1993)  383. 

[7]  T.  Unold,  H.M.  Branz,  M.  Vanecek,  Mater.  Res.  Soc. 
Symp.  Proc.  420  (1996)  703. 

[8]  M.  Gunes,  C.R.  Wronsky,  T.J.  McMahon,  J.  Appl.  Phys. 
76  (1994)  2260. 


[9]  L.  Jiao,  S.  Semoushikina,  Y.  Lee,  C.R.  Wronsky,  Mater. 
Res.  Soc.  Symp.  Proc.  467  (1997)  233. 

[10]  N.  Wyrsch,  F.  Finger,  T.J.  McMahon,  M.  Vanecek, 
J.  Non-Cryst.  Solids  137&138  (1991)  347. 

[11]  E.  Morgado,  Defect  Diffusion  Forum  134/135  (1996) 
39. 


ELSEVIER 


macrn 

Physica  B  308  310  (2001)  178 -180 

www.clscvicr.com/locate/physh 


Hydrogen-induced  formation  of  defects  nanoclusters  in 

crystalline  silicon 

Kh.A.  Abdullin*,  Yu.V.  Gorelkinskii,  B.N.  Mukashev 

Institute  of  Physics  and  Technology,  480082  Almaty,  Kazakhstan 


Abstract 


Low-temperature  hydrogen-assisted  clusterization  of  aluminum  impurity  in  silicon  has  been  studied.  It  was  found 
that  hydrogen  can  decrease  the  diffusion  barrier  of  the  A1  atom  and  initiate  the  migration  of  A1  atoms  at  180-200  K  As 
a  result,  ^an  interstitial  aluminum  pair  formation  takes  place  in  H-implanted  silicon.  The  implantation  with  a  dose 
^  x  10  /citt  causes  formation  of  the  clusters  containing  more  than  two  aluminum  atoms,  (t  2001  Elsevier  Science 
B.V.  All  rights  reserved. 
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1.  Introduction 

Interstitial  aluminum  atom  appears  as  a  result  of 
high-energy  particle  (e  ,  p  '  ,  a+  4 )  irradiation  and  the 
interaction  of  mobile  self-interstitials  Si;  and  substitu¬ 
tional  Als  through  the  replacement  mechanism  [1,2]: 
Sij  +  Als~*Sis  +  Alj.  The  Alj  is  placed  in  the  Td  interstitial 
site  and  the  EPR  spectrum  Si-G  1 8  [1-3]  corresponds  to  a 
(2  +  )  charge  state  of  the  defect.  A  DLTS  level 
£V  +  0.18eV  has  been  identified  as  arising  from  the 
second  donor  state  ( +  /2  + )  [4,5].  The  Al,  is  stable  up  to 
20°C,  when  it  begins  to  migrate  with  an  activation 
energy  of  1.2eV  and  is  replaced  by  G19-G21  defects. 
The  GI9  and  G20  defects  were  identified  as  Alj-Als 
pairs,  the  G21  as  unknown  defect  associated  with  one 
aluminum  atom.  The  activation  energy  of  the  Alj  atom 
diffusion  is  reduced  from  1.2  to  0.3  eV  under  injection 
condition  [5]  and  the  Al,  defect  is  annealed  at  room 
temperature  under  an  injection  current  of  1  A/cm2  in  a 
time  of  —  1 03  s. 

In  this  paper,  we  discuss  the  phenomenon  of 
hydrogen-enhanced  diffusion  of  aluminum  atom  in 
silicon  at  F-  180-200  K  [6,7].  Low-temperature  hydro¬ 
gen-enhanced  diffusion  of  Al  atoms  is  a  unique 
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phenomenon,  which  may  be  caused  by  a  tunnel 
mechanism. 


2.  Experimental  procedure 

Samples  were  fabricated  from  floating-zone-grown 
silicon  (FZ-Si),  doped  with  5  x  10lfl aluminum/cm3. 
Hydrogen  was  incorporated  either  by  proton  implanta¬ 
tion  at  880  K  or  by  thermal  annealing  in  the  presence  of 
hydrogen  species.  In  the  latter  case,  the  samples  and 
hydrogen-free  control  ones  were  irradiated  at  80  K  with 
30MeV  protons.  Since  the  proton  range  (-4mm)  is  far 
beyond  the  thickness  of  sample  (-0.5  mm).  hydrogen 
implantation  in  the  bulk  of  the  sample  was  completely 
avoided  in  this  case. 


3.  Experimental  results 

EPR  spectra  Si-AA15  and  Si-AA16  grow'  upon 
thermal  annealing  at  - 180-200 K  in  the  hydrogen- 
implanted  samples  as  well  as  in  the  samples  which  were 
heat-treated  in  the  presence  of  water  vapor,  and  are 
not  observed  in  control  samples  [6-8].  The  Si-AA15 
spectrum  is  the  most  dominating  in  comparison  with  the 
other  spectra  and  consists  of  1 1  groups  of  lines  at  any 


°92 1 -4526/0 1/S- see  front  matter  r  2001  Elsevier  Science  B.V.  All  rights  reserved 
PH: S092 1-4526(0  I )00686-X 


K.A.  Abdullin  et  cil  /  Physica  B  308-310  (2001)  178-180 


179 


orientation  of  magnetic  field  in  the  (0  T  1)  plane.  A 
splitting  between  the  lines  does  not  pass  through  .zero, 
therefore,  the  cause  of  the  splitting  is  hyperfine  interac¬ 
tion.  The  EPR  spectrum  consisting  of  1 1  groups  of  lines 
(Fig.  1)  can  be  formed  only  due  to  two  nuclei  (a  and  p) 
with  a  100%  abundant  isotope  of  1  =  5/2  involved  in 
the  structure  of  the  center.  These  nuclei  in  our  samples 
can  be  only  nuclei  of  aluminum  atoms  involved  in  the 
defect.  The  Si-AA15  spectrum  was  stable  up  to  room 
temperature  and  disappeared  at  300  K  for  10  min.  The 
second  spectrum,  Si-AA16  (S  =  1/2),  has  nearly  iso¬ 
tropic  ^-tensor  and  consists  of  six  groups  of  lines. 
Therefore,  one  nucleus  with  a  100%  abundant  isotope  of 
1=5/2  (27A1)  is  involved  in  the  structure  of  the  AA16 
defect.  Its  27A1  hyperfine  interaction  is  also  nearly 
isotropic  with  weak  trigonal  distortion:  A\\  =  823  MHz, 
MHz,  A±  =  836  MHz.  The  width  of  individual  lines  of 
the  AA16  spectrum  depends  slightly  on  the  direction  of 
the  magnetic  field.  The  Si-AA16  spectrum  is  stable  in  the 
narrow  temperature  interval  from  180  to  200  K.  The 
known  isolated  aluminum  interstitial  Af  (EPR  spectrum 
G18  [1,2])  is  not  observed  in  both  implanted  and  control 
samples  immediately  after  80  K  implantation  of  hydro¬ 
gen  but  appears  in  all  samples  annealed  at  ~  260-280  K 
and  there  is  no  clear  correlation  of  the  AA15  and  G18 
spectra  behavior. 

Hyperfine  interaction  may  be  analyzed  in  terms  of  a 
one-electron  wave  function  for  the  unpaired  electron  [9]. 
The  observed  hyperfine  structure  of  the  AA15  defect 
indicates  that  ~  18%  (~  10%)  of  the  unpaired  spin  wave 
function  is  located  on  the  a(p)  A1  atoms  and  has  ~45% 
3s  and  ~55%  3p  character.  The  resolved  29Si  hyperfine 
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Fig.  1.  (a)  The  EPR  spectrum  Si-AA15  at  77  K  in  FZ-Si:Al 
sample  implanted  with  protons  at  80  K  to  a  dose  of  3  x  1015/ 
cm2  and  annealed  at  ~  200  K.  Calculated  positions  of  lines  are 
also  shown,  (b)  The  formation  of  1 1  groups  of  EPR  lines  due  to 
hyperfine  interaction  of  two  nearly  equivalent  nuclei  with  a 
100%  abundant  isotope  of  /  =  5/2. 


structure  can  also  be  seen,  its  intensity  corresponds  to 
~4— 6  neighboring  sites  accounting  for  only  ~  5%  of  the 
wave  function.  The  same  analysis  for  the  AA16  center 
indicates  that  about  30%  of  the  wave  function  is 
localized  on  the  single  aluminum  atom,  with  mostly 
3s-like  character  (~80%). 

The  concentration  of  the  Al-Al  pairs  (AA15  defects) 
varies  proportionally  with  the  hydrogen  content  and  is 
increased  in  the  range  of  the  implantation  doses  from 
lxl015to~5x  1015H/cm2.  But  the  implantation  with 
a  dose  of  ~  1  x  1016H/cm2  (this  dose  corresponds  to  the 
hydrogen  concentration  of  ~2x  1018H/cm3)  results  in 
the  low  AA15  defect  concentration  or  does  not 
introduce  the  AA15  pairs  at  all.  A  new  complex  EPR 
spectrum  emerges  instead  (Fig.  2).  The  spectrum  is 
observed  only  when  the  magnetic  field  direction  coin¬ 
cides  with  the  <100)  axis  of  the  sample.  The  complex 
spectrum  disappeared  upon  annealing  at  room  tempera¬ 
ture,  but  a  second  new  spectrum,  very  similar  to  the  first 
one,  emerged  at  100°C  annealing  (Fig.  2).  Permanent 
changes  of  the  EPR  spectra  are  observed  up  to  160— 
185°C  annealing,  then  the  complex  spectrum  and  the  Si- 
G18  spectrum  are  substituted  by  a  spectrum  similar  with 
the  Si-G19  spectrum  (Ali-Als  pair).  We  suppose  that  the 
observed  complicated  spectrum  belong  to  Al-containing 
defects,  which  are  formed  as  a  result  of  prolonged 
hydrogen-enhanced  diffusion  and  precipitation  of  A1 
atoms.  Thus,  the  defects  consist  of  more  than  two  A1 
atoms  and  are  Al-containing  nanoclusters. 


4.  Discussion 

Hyperfine  structure  of  the  EPR  spectrum  Si-AA15 
establishes,  unambiguously,  that  two  aluminum  atoms 
are  incorporated  into  the  AA15  defect.  The  density  of 


Magnetic  field,  mT 

Fig.  2.  EPR  spectra  of  a  FZ-Si:Al  sample  in  which  Si-AA15 
and  Si-AA16  spectra  were  observed  and  which,  after  room 
temperature  annealing  was  again  implanted  by  protons  at  80  K 
to  a  dose  of  3  x  1015/cm2  and  then  annealed  at  195  K  (1)  and 
100°C  (2).  One  of  the  six  Si-G18  spectrum  lines  is  shown,  which 
corresponds  to  a  transition  with  m/  =  1/2. 
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defect  AA15  is  rather  high  and  it  is  a  dominant  one  after 
annealing  at  200  K.  In  accordance  with  our  estimation, 
the  majority  of  aluminum  atoms  participate  in  the 
formation  of  the  pairs.  To  reach  other  Al  atoms  and  to 
form  the  Al-Al  pairs,  Al  atoms  should  migrate  at  least 
by  a  distance  of  -TOO  lattice  constants.  The  Al  atoms 
have  to  migrate  as  defect  complexes.  The  unusual 
feature  of  such  a  migration  is  that  low  temperature  is 
required  (1 80-200  K). 

The  observed  migration  of  Al  atom  cannot  be  an 
injection-assisted  one.  Indeed,  if  we  propose  that  the 
annealing  rate  of  Al,  under  the  conditions  of  irradiation 
is  the  same  as  in  the  case  of  the  injection  [5].  the  typical 
time  of  annealing  will  be  about  1 0<;  h  at  the  temperature 
of  implantation  (80  K),  that  allows  us  to  eliminate  the 
injection  as  a  cause  of  enhanced  migration  of  the  Al 
atoms.  Our  results  demonstrate  that  the  presence  of 
hydrogen  atoms  and  radiation  defects  at  low  (180- 
200  K)  temperature  is  necessary  (and  may  be  sufficient) 
to  create  the  AA15  pairs.  Hydrogen-enhanced  migration 
of  Al  atom  takes  place  due  to  the  formation  of  some 
(Al-H)  defect  capable  to  migrate  at  200  K.  But  Als  +  H 
and  Als  +  V  (Si-G9  [10])  defects  are  stable  up  to  400  K, 
so  the  (Al-H)  mobile  defects  have  to  have  an  interstitial 
character.  The  estimation  of  the  activation  energy  for 
diffusion  of  (Al-H),  center  gives  the  value  as  0.22  eV. 

The  AA16  center  is  a  suitable  candidate  for  the 
(Af  +  H)  defect.  Indeed,  the  defect  has  a  very  narrow 
range  of  thermal  stability  (1 80-200  K)  that  coincides 
with  the  temperature  of  AA15  spectrum  appearance. 
About  30%  of  the  wave  function  appears  to  be 
accounted  for  on  the  Al  atom.  It  is  comparable  to  the 
case  of  the  Al,  tetrahedral  interstitial  (  —  38%)  [3].  The 
atomic  orbitals  are  of  20%  p  character.  This  fact  implies 
that  the  Al  atom  incorporated  in  the  structure  of  the 
AA16  defect  is  slightly  displaced  from  T,\  site  by  some 
disturbance.  It  can  be  speculated  that  two  atoms  -  an 
Al"  and  an  HTj — situated  close  to  the  two  nearest 
tetrahedral  interstitials,  7d,  form  the  AA16  defect 
(Fig.  3).  The  atoms  Al  and  H  have  to  be  displaced 
towards  each  other  due  to  Coulomb  attraction  that  can 
result  in  a  decrease  of  the  energy  barrier  between  these 
two  atoms.  The  migration  barrier  of  (AlrH)  defect 
would  thus  be  expected  to  be  reduced  essentially.  The 
low  temperature  of  Al  atom  migration  may  be  a 
consequence  of  a  tunnel  mechanism  for  the  (Al-H) 
defect  diffusion.  Certainly,  theoretical  calculations  have 
to  be  conducted  in  order  to  explain  low-temperature 
hydrogen-enhanced  migration  of  Al  atom  in  silicon. 


Fig.  3.  Model  of  a  (Al; '  -Hj.,)  center  which  can  be  responsible 
for  Si-AA  16  spectrum  appearance  and  enhanced  diffusion  of  Al 
atom. 

Note  that  at  low-  and  room-temperature,  a  solid 
solution  of  the  Al  impurity  in  silicon  is  in  supersaturated 
state,  but  its  decay  is  prevented  by  the  low  value  of 
diffusion  coefficient.  The  enhanced  diffusion  opens 
possibilities  for  the  formation  of  a  phase  enriched  with 
impurity  atoms.  The  Al-Al  pair  (the  A15  center)  can  be 
considered  as  the  nucleus  of  a  new  phase,  and  the 
association  of  additional  Al  atoms  with  the  AA15  defect 
can  occur. 

Thus,  radiation-induced  and  hydrogen-enhanced  dif¬ 
fusion  may  lead  to  formation  of  micro-  and  nanoclusters 
of  a  new',  aluminum-enriched  phase  in  the  silicon  matrix. 
It  is  of  interest  to  check  the  existence  of  hydrogen- 
accelerated  migration  of  the  impurity  boron  and 
gallium,  whose  chemical  properties  are  similar  to 
aluminum  in  many  respects. 
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Abstract 

The  systematical  low-temperature  (4.2  K)  photoluminescence  (PL)  study  of  the  formation  kinetics  of  optically  active 
centers  in  H  and  He  implanted  CZ  Si,  annealed  in  the  temperature  range  of  200-1 000°C  is  presented.  The  samples  were 
implanted  with  H  (energy  E  =  80keV,  dose  D  =  1015/1016  cm-2)  and  He  (E  —  150  keV,  D  =  5  x  1014cm-2)  ions.  It 
was  found  that  the  annealing  of  H  or  He  implanted  samples  leads  to  the  appearance  and  evolution  of  a  number  of  zero- 
phonon  lines  as  well  as  of  broad  bands.  The  origin  of  the  observed  lines  and  bands  is  discussed.  It  is  assumed  that  the 
strong  stresses  around  hydrogen-related  structural  defects  (voids,  bubbles)  during  the  annealing  at  500-700°C  of  H 
implanted  Si  lead  to  the  formation  of  a  specific  optical  center  M'  (~  1.012  eV  PL  line).  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  61.72.T;  78.55 

Keywords:  Silicon;  Implantation;  Hydrogen;  Helium;  Photoluminescence 


1.  Introduction 

H-  and  He-implanted  Si  has  been  studied  extensively 
because  of  considerable  technological  importance  of 
these  atoms  for  the  modification  of  the  material 
properties  [1-5],  It  was  shown  that  hydrogen  in  Si  can 
passivate  the  shallow  acceptor  and  donor  impurities 
[6,7],  oxygen-related  thermal  donors  and  other  deep- 
level  defects  [1,8,9],  dislocations  [1,10],  grain  boundaries 
and  dangling  bonds  [1,11].  On  the  other  hand,  hydrogen 
can  form  complexes  with  different  impurities  (C,  O, 
transition-metals,  etc.)  in  Si,  which  introduce  new  levels 
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in  the  band  gap  [12,13].  It  was  also  found  that  the  He 
atoms  can  be  involved  in  the  defect  formation  process  of 
ion-implanted  Si  [14].  This  work  extends  previous  PL 
spectroscopy  investigations  of  the  H(He)  implanted  Si  at 
post-implantation  annealing,  which  were  done  earlier 
[13-16].  Emphasis  is  put  on  complex  formation  at  high- 
temperature  ( >  600°C)  annealing.  Evidence  for  a  num¬ 
ber  of  hydrogen-  and  helium-induced  optical  active 
complexes  in  ion-implanted  Si  is  presented.  The  possible 
structure  of  these  complexes  is  discussed. 


2.  Experimental 

The  material  employed  in  these  PL  measurements  was 
(1 00)-oriented  Czochralski  (CZ)  silicon  doped  with 
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either  phosphorus  (n-type.  1012cm)  or  boron  (p-type, 
1212cm).  The  concentration  of  oxygen  in  all  samples 
was  specified  as  of  about  ~8xlOlscm  \  and  the 
carbon  concentration  was  between  1016  and  10,7cm  \ 
The  samples  were  implanted  with  H  (£  =  80keV, 
/)=  10l5/10l6cm  2)  and  He  (£=150keV,  D  = 
5  x  10l4cm  2)  ions.  An  isochronal  annealing  of  20  min 
was  carried  out  between  200~C  and  1000'C  in  vacuum. 
PL  measurements  were  performed  at  4.2  K  with  the 
samples  immersed  in  liquid  helium.  PL  was  excited  by 
the  Ar  488  nm  laser  line.  The  incident  laser  intensity  was 
typically  between  10  and  60  mW,  The  emission  light  was 
dispersed  using  a  0.6  m  single  grating  monochromator 
and  detected  with  a  liquid-nitrogen-cooled  Ge  diode. 
Conventional  lock-in  detection  was  employed  with  the 
chopper  (~20Hz)  placed  in  the  exciting  laser  beam. 


3.  Results  and  discussion 

Fig.  1  shows  typical  PL  spectra  of  p-type  CZ  Si  after 
80keV  Hh  implantation  with  dose  10,6cm  2  and 
following  annealing  at  various  temperatures.  The 
spectra  exhibit  several  intense  luminescence  lines  labeled 
as  5§p,  and  in  the  near-band-gap 

region.  These  lines  arise  from  bound  exciton  (BE) 
recombination  at  boron  as  a  shallow  doping  impurity. 
The  luminescence  in  this  spectral  range  includes  the  no¬ 
phonon  (NP)  line  (optical  transitions  without  the 
creation  of  phonons)  and  TA,  TO,  TO  +  O  lines  (optical 
transitions  with  the  participation  of  momentum-conser¬ 
ving  phonons,  where  TA,  TO  and  O  denote  the 
transverse  acoustical,  transverse  optical  and  zone  center 
phonon,  respectively).  The  assignments  of  these  PL  lines 
have  been  well  established  earlier  [17].  The  dominating 
PL  line  is  the  TO-phonon  replica  of  the  bound  excitons 
£?o  at  L093eV.  Besides  these  lines,  three  broad  bands 
with  energies  of  1.029  (HI),  0.972  (H2)  and  0.933 
(H3)eV  were  observed  in  as-implanted  and  at  200  C 
annealed  samples.  The  HI  and  H2  peaks  can  be 
interpreted  as  the  NP  line  and  TO-phonon  replica, 
respectively,  which  originate  from  the  radiative  recom¬ 
bination  at  hydrogen-related  defects.  The  H3  band  can 
be  attributed  to  another  but  also  hydrogen-related 
defect.  Such  identification  of  the  H1-H3  bands  with 
hydrogen-related  defects  is  based  on  the  fact  that  these 
bands  are  absent  in  the  spectra  of  Si  after  helium 
implantation  with  following  annealing  (see  below).  It  is 
necessary  to  note  that  the  H1-H3  bands  were  detected  in 
the  PL  spectra  of  Si  after  hydrogenation  [7].  Jonson  et  al. 
[7]  suggested  that  hydrogen-containing  extended  defects 
( <  1  1  1  >  platelets)  are  responsible  for  the  H1-H3  bands. 
One  can  see  (Fig.  1)  that  annealing  at  200  C  results  in  a 
significant  increase  (up  to  ~  10  times)  of  the  intensity  of 
the  1.0186eV  (W-line)  PL  NP  line.  The  annealing  at 
300  C  and  400  C  produces  a  broad  band  and  (at  400  C) 


Fig.  I.  PL  4.2 K  spectra  of  H  implanted  (£=80keV. 
D=  I0u,cm  ~)  1212cm  p-type  Cz  Si  annealed  in  vacuum  at 
different  temperatures  for  20 min. 


an  additional  low-intensity  NP  line  at  1.0399  eV  (X- 
line).  The  luminescence  centers  responsible  for  the  W- 
and  X-lincs  are  observed  usually  in  Si  after  irradiation 
with  high-energy  particles  such  as  neutrons  and  different 
kind  of  ions  [18,19].  The  microscopic  structure  of  the  W 
defects  is  identified  as  a  trigonal  center  which  involves  Si 
interstitial  or/and  hydrogen  atoms  [14,20,21].  The  X 
center  possibly  can  be  attributed  to  a  vacancy-type 
defect  [19-22].  Annealing  of  H-impIanted  Si  layers  at 
and  above  500'C  causes  a  rapid  grow'th  of  the  intensity 
of  D1-D4  bands.  These  bands  might  be  related  to 
dislocations  [23].  At  this  stage  of  the  thermal  treatment, 
new  NP  PL  lines  at  1.012eV  (M')  and  its  TO-phonon 
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replica  at  0.954  eV  (M7TO)  also  occur  in  the  PL  spectra. 
Annealing  at  higher  temperatures  (600-1000°C)  of 
80keV  H+  implanted  with  dose  of  1016cm-2  p-type 
CZ  Si  leads  to  the  appearance  of  dislocation-related  PL 
bands  D1-D4  and  to  the  D7  band  which  is  somewhat 
wider  than  D1  and  has  a  peak  at  about  0.78  eV  (Fig.  1). 
Fig.  2  shows  the  PL  spectrum  for  n-type  H  implanted  Si 
(with  dose  of  1015cm-2)  after  the  700°C  annealing.  One 
can  see  that  in  this  case,  the  only  M7(M7TO)  and  D7 
bands  are  present  but  not  D1-D4  ones.  Moreover,  the 
spectral  shape  of  M7(M7TO)  and  D7  bands  can  be 
observed  better  in  this  case.  It  was  also  found  that  for 
n-type  Si,  the  main  peculiarities  of  PL  spectra  after  the 
annealing  at  temperature  range  200-1 000°C  are  similar 
to  those  for  p-type  Si  shown  in  Fig.  1 .  An  analysis  of  the 
spectra  for  different  Si  samples  allows  us  to  assign  the  D7 
band  to  the  recombination  on  defects  which  are  different 
from  those  responsible  for  the  D1  band.  Fig.  3  shows  the 
dependence  of  M7  and  D7  intensities  versus  annealing 
temperature  for  n-type  H  implanted  Si.  It  is  necessary  to 
note  that  the  D7  band  was  detected  earlier  in  the  PL 
spectra  of  Si  implanted  by  H+  and  He+  after  annealing 
at  1000°C  [16].  This  band  was  recently  also  observed  in 
PL  spectra  of  Si  samples  implanted  with  H+  and  0  + 
ions  after  the  high-pressure-high-temperature  annealing 
[24],  in  multicrystalline  Si  [25]  and  in  Si-Ge  structures 
with  Ge  quantum  dots  [26].  All  these  facts  show  that  D' 
band  appears  in  strained  Si  structures.  This  allows  us  to 
assume  that  the  gettering  and  precipitation  (near 
dislocations)  of  residual  impurities  such  as  carbon, 
oxygen  or  Si  self-interstitials  during  high-temperature 
annealing  might  be  responsible  for  the  appearance  of 
this  band.  Some  assumptions  about  the  nature  of  the  M7 
and  M'to  bands  also  can  be  made.  It  is  necessary  to  note 
that  in  Ref.  [23],  the  PL  spectra  stacking-faults-related 
band  D6  at  4.2  K  (~  1.0126  eV,  similar  to  the  energy  of 
the  M7  line)  was  detected  in  plastically  deformed  silicon 
samples.  It  was  observed  that  the  D6  line  disappeared 
after  heat  treatments  at  390°C.  In  our  case,  the  structure 


Fig.  2.  PL  4.2  K  spectrum  of  H  implanted  ( E  =  80  keV, 
D  =  10 15  cm-2)  lOQcm  n-type  Cz  Si  annealed  in  vacuum  at 
700°C  for  20  min. 


Fig.  3.  PL  (4.2  K)  intensity  dependencies  of  the  D7  and  M' 
bands  versus  annealing  (20  min)  temperatures. 


of  the  defects  which  are  responsible  for  the  M7  band  is 
different  from  stacking-faults  because  of  the  different 
temperature  stability  of  the  M7  luminescence  centers 
(Fig.  3).  It  can  be  assumed  that  during  the  annealing  of 
H-implanted  Si  samples  at  500-700°C,  the  formation  of 
hydrogen-related  nanovoids  or  nanobubbles  occurs.  We 
suggest  that  this  process  is  responsible  for  the  appear¬ 
ance  and  growth  of  M7(M7TO)  bands.  Internal  stresses 
can  lead  to  the  formation  of  the  optically  active 
structural  defects.  Similar  to  the  M7  band,  the  WL 
(NP)  and  WL(TO)  bands  were  detected  also  in  Si-Si/Ge 
and  Si-Ge  structures  with  Ge  quantum  dots  [26,27], 
which  are  heavily  stressed  structures.  Such  stressed 
structures  can  be  formed  in  H  implanted  Si  due  to 
hydrogen  and  oxygen  gettering  and  precipitation  at  the 
buried  implantation  damage  layers  at  high-temperature 
annealing  [28].  Fig.  4  shows  the  PL  spectra  of  He 
implanted  (150 keV,  5x  10I4cm~2  dose)  n-type  CZ  Si 
annealed  isochronal  at  different  temperatures.  The  well- 
known  NP  lines  with  energies  0.9697  eV  (A),  0.7894  eV 
(C),  0.9500  eV  (G),  0.9353  eV  (T),  0.9652  eV  (I)  and 
0.761  OeV  (Q)  as  well  as  D1-D4  bands  can  be  observed 
in  these  spectra.  The  A,  C,  G,  T,  I  and  Q  lines  are  related 
to  the  point  defects,  which  include  in  their  structures  the 
residual  impurities  such  as  carbon,  oxygen  and  hydro¬ 
gen  [12,14,18,19].  Annealing  of  the  He-implanted 
samples  at  200°C  and  300°C  produces  also  a  high 
intensive  line  Z2  (1.012eV)  which  is  connected  with  the 
He-containing  PL  centers  [14,19,20]. 


4.  Conclusions 

Our  experimental  results  of  4.2  K  PL  measurements  of 
the  H  and  He  implanted  and  annealed  CZ  Si  can  be 
summarized  as  follows: 

1.  Broad  bands  with  energies  of  1.029  (HI),  0.972  (H2) 
and  0.933  (H3)eV  were  observed  in  as  hydrogen 
implanted  and  in  annealed  at  200°C  after  the 
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Fig.  4.  PL  4.2  K  spectra  of  He  implanted  (£=150kcV. 
D  =  5  x  IOucm  ")  lOQcm  n-type  Cz.  Si  annealed  in  vacuum 
at  different  temperatures  for  20  min. 


implantation  samples.  The  HI  and  H2  peaks  can  be 
interpreted  as  the  NP  line  and  TO-phonon  replica, 
respectively,  which  originate  from  the  radiative 
recombination  at  hydrogen-related  defects. 

2.  Annealing  of  the  H  implanted  samples  at  500-700  C 
results  in  the  appearance  of  the  PL  line  at  1.01 2  eV 
(M')  and  its  TO-phonon  replica  at  0.954  eV  (M'-IO). 
These  lines  can  be  attributed  to  the  specific  defects 
induced  by  the  internal  stresses  around  hydrogen- 
related  defects  (nanovoids  or  nanobubbles). 

3.  Annealing  of  the  H  implanted  samples  at  600- 1000  C 
results  in  the  appearance  of  D'  band  with  the  energy 
of  0.78  eV.  This  band  can  be  attributed  to  the 
residual  impurities  near  the  dislocation  region. 

4.  Annealing  of  the  H  or  He  implanted  samples  at  500- 
1000  C  results  in  the  appearance  of  the  D1-D4 
bands,  which  can  be  attributed  to  the  radiative 
recombination  at  dislocation-related  centers. 
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Abstract 

The  incorporation  of  hydrogen  into  the  p-type  Czhochralski  (Cz)  silicon  by  a  plasma  results  in  an  enhanced  thermal 
donor  (TD)  formation  at  temperatures  around  400°C.  Counter  doping  by  the  TDs  and  a  rapid  p-n  junction  formation 
occur  in  the  p-type  Cz  Si.  It  is  shown  that  the  controlled  TDs  formation  can  be  used  for  the  low-temperature  production 
of  device  structures:  p-n  junctions,  p-n-p  structures  and  structures  with  gradient  doping.  The  characterization  of  the 
samples  was  done  by  the  depth  resolved  spreading  resistance  probe  (SRP)  analysis.  A  kinetic  model  for  the  analysis  of 
the  hydrogen-enhanced  TDs  formation  in  the  as-grown  as  well  as  in  the  Cz  Si  samples  with  denuded  zone  is  developed. 
It  can  be  concluded,  that  the  controlled  hydrogen  enhanced  TDs  formation  can  be  used  as  an  alternative  low-cost,  low- 
temperature  doping  method,  which  might  be  favorable  for  active  defect-engineering  in  the  Cz  Si.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

PACS:  61.72 

Keywords:  Silicon;  Hydrogen;  Thermal  donors;  Denuded  zone 


1.  Introduction 

The  incorporation  of  hydrogen  into  the  Czhochralski 
(Cz)  silicon  by  a  plasma  results  in  an  enhanced  thermal 
donor  (TD)  formation  [1-5].  As  a  consequence,  the  n- 
type  doping  of  the  Cz  Si  can  be  provided  at  low  (350- 
450°C)  temperatures.  Recently,  it  was  shown  [6-15]  that 
the  n-type  counter  doping  of  the  initial  p-type  Cz  Si 
material  can  be  observed.  TD  concentrations  up  to 
2-3  x  1016cirr3  can  occur,  depending  on  the  process 
temperatures,  plasma  power  and  treatment  times  and  on 
the  concentration  of  the  interstitial  oxygen  in  the  Cz  Si 
substrate.  Therefore,  a  counter  doping  by  the  TDs  and  a 
rapid  p-n  junction  formation  can  be  observed  in  the  p- 
type  Cz  Si  if  the  acceptor  concentration  is  not  higher 
than  about  10 16  cm-3.  Moreover,  it  was  shown  that 
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when  the  interstitial  oxygen  concentration  was  changed 
by  the  three-step  high  temperature  oxygen  out-diffusion 
[11],  which  leads  to  the  formation  of  the  so-called 
denuded  zone  (DZ),  a  transistor  type  device  structure 
(p-n-p)  due  to  the  hydrogen  enhanced  TDs  formation 
was  formed.  The  goal  of  the  present  paper  is  (i)  the 
experimental  investigations  of  the  carrier  profiles  mod¬ 
ified  by  the  hydrogen  enhanced  TDs  formation  in  the  Cz 
Si  samples  with  different  thermal  prehistory  and  (ii)  the 
development  of  a  kinetic  model  for  the  analysis  of  the 
hydrogen  enhanced  TDs  formation  in  the  as-grown  as 
well  as  in  the  Cz  Si  with  the  DZ. 


2.  Experimental 

The  investigations  were  done  on  standard  p-type 
(100)  lOQcm  Cz  Si  wafers  with  thickness  of  about 
370-380  pm.  The  carbon  concentration  was  specified 
by  [C]^5  x  1016cm-3.  The  oxygen  concentration  was 
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*7-8xl017cm  3  (specified).  The  one-step  process, 
which  involves  the  out  diffusion  of  oxygen  at  high 
temperature  (11 00  C  for  5h  in  flowing  nitrogen)  was 
applied  for  the  generation  of  the  DZ.  For  the  two-step 
hydrogen  enhanced  TDs  formation  process,  the  as- 
grown  samples  and  samples  with  the  DZ  were  exposed 
by  a  RF  hydrogen  plasma  for  lh  at  Tx  260'C  (first 
step)  in  a  standard  PECVD  setup  at  1 10  MHz,  applying 
a  hydrogen  flux  of  200  seem  (standard  cubic  centimeters 
per  minute)  and  a  power  of  50  W.  For  comparison, 
another  version  of  the  first  step  process  for  the  as-grown 
samples  was  done  using  a  DC  plasma  reactor,  where  a 
plate  voltage  of  500  V  and  a  current  density  of 
400|iAcm  '2  was  applied  for  10  min  at  400'C.  As  the 
second  step  of  the  hydrogen  enhanced  TDs  formation 
process,  the  post-hydrogenation  annealing  was  done  at 
400CC  and  450  C  in  air.  After  annealing,  the  samples 
were  rapidly  cooled  down  to  room  temperature.  The 
samples  were  analyzed  by  the  SRP  measurements.  The 
SRP  measurements  were  done  on  a  4-point  probe 
instrument  with  tungsten  carbide  tips.  For  the  SRP 
measurements,  the  samples  were  beveled  on  a  rotating 
quartz  plate. 


3.  SRP  analysis  of  hydrogen  enhanced  TDs  formation  in 
p-type  Cz  Si 

Fig.  1  exhibits  the  resistance  profiles  of  a  lOQcm 
p-type  Cz  Si  treated  for  10  min  by  a  DC  plasma  at  400X 
and  then  annealed  at  400X  and  450  C  in  air.  One  can 
see  that  at  the  initial  stages  of  the  hydrogen  enhanced 
TDs  formation  (annealing  time  <5  min),  a  strong 
compensation  of  the  acceptors  occurs  which  leads  to 
the  gradient  carrier  profiles  in  the  sub-surface  region  of 
the  Cz  Si  sample.  After  about  8  min  annealing,  the  SRP 
profiles  exhibit  p-n  junctions  moving  rapidly  into  the 
sample  bulk  with  longer  annealing  times.  For  the  case  of 
the  post-hydrogenation  annealing  at  45QX,  the  moving 
of  the  p-n  junctions  into  the  bulk  is  faster  than  at  400'C 
annealing.  Almost  the  same  behavior  was  observed  in 
the  case  of  the  hydrogenation  at  250' C  for  1  h  by  a  HF 
plasma  with  subsequent  annealing  at  400'C  (Fig.  2). 
One  can  conclude  that  during  the  hydrogenation  (first 
process  step),  the  saturation  of  the  sub-surface  layer  by 
hydrogen  occurs  without  any  essential  (250X  hydro¬ 
genation)  or  slight  (400'C  hydrogenation)  modification 
of  the  carrier  profiles.  At  this  stage,  hydrogen  can  be 
involved  in  the  structure  of  different  complexes  (mole¬ 
cular  species)  [16,17].  The  total  hydrogen  concentration 
in  the  sub-surface  layer  is  ~  lO'^cm  3  [18].  During  the 
second  stage  (400'C,  450' C  annealing),  a  release  of  the 
atomic  hydrogen  from  these  species  occurs  which 
provides  the  hydrogen  enhanced  TDs  formation  in  the 
Cz  Si.  This  formation  leads  to  the  gradient  doping,  due 
to  the  compensation,  or  to  the  p-n  junction  appearance 


Fig.  1.  The  SRP  profiles  for  the  as-grown  p-type  Cz  Si  treated 
for  10  min  by  a  DC  hydrogen  plasma  at  400  C  with  subsequent 
annealing  at  400  C  and  450  C.  The  peaks  of  the  resistance 
curves  correspond  to  the  p-  n  junction  location. 


Fig.  2.  The  SRP  profiles  for  the  as-grown  p-type  Cz  Si  treated 
for  1  h  by  a  HF  hydrogen  plasma  at  250  C  with  subsequent 
annealing  at  400  C.  The  peaks  of  the  resistance  curves 
correspond  to  the  p-n  junction  location. 


due  to  the  counter  doping  in  the  initial  p-tyPe  Cz  Si.  The 
p-n  junctions  exhibit  the  characteristics  of  linear  graded 
junctions  [7,9,12,13].  The  diodes  prepared  by  the 
hydrogen  enhanced  TDs  counter  doping  of  the  p-type 
Cz  Si  were  analyzed  in  [12,13],  It  can  be  concluded  that 
for  a  given  Cz  Si  material  (the  oxygen  concentration  was 
the  same  in  all  cases),  the  rate  of  the  hydrogen  enhanced 
TDs  formation  depends  mainly  on  the  temperature  and 
time  of  the  post-hydrogenation  annealing  but  not  on  the 
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method  of  the  hydrogenation.  Fig.  3  exhibits  the 
resistance  profiles  of  a  lOQcm  p-type  Cz  Si  with  the 
DZ  treated  for  1  h  at  250°C  by  a  HF  hydrogen  plasma 
and  then  annealed  at  400°C  in  air.  One  can  see  that  in 
this  case,  the  formation  of  the  buried  n-type  region  after 
0.5  h  of  post-hydrogenation  annealing  occurs.  This 
region  originates  as  a  result  of  the  suppressed  TDs 
formation  in  the  DZ  [11].  Thus,  the  formation  of  a 
transistor  type  (p-n-p)  structure  is  possible. 


parameter.  In  our  calculations,  we  used  C*2.2x  10~60 
and  1.1  x  10~6Ocm“3  at  450°C  and  400°C,  respectively, 
to  fit  the  experimental  data. 

In  case  of  the  DZ  formation,  the  time  dependence  of 
the  interstitial  oxygen  concentration  [O]  at  the  depth  x 
from  the  surface  for  an  annealing  temperature  Ta  at  a 
time  t  is  given  by  the  error  function  [22] 

[O]  =  [OJs  +  ([O]0  -  [0]s)  erf  \—JL==^  >  (5) 


4.  Kinetic  analysis  of  hydrogen  enhanced  TDs  formation 


We  can  describe  the  time  dependence  of  the  concen¬ 
trations  of  atomic  [H]  and  molecular  [H2]  hydrogen  as 
well  as  the  TDs  concentration  [TD]  by  [15] 


^  =  Dh  -  Kt  [H]2  +  2K2[H2], 

0) 

(2) 

6[TD]  3  /  [TD]  \ 

Sr  -  C[0]  [H1  I'  [TDmax]/  ’ 

(3) 

where  [O]  is  the  initial  oxygen  concentration  for  the  as- 
grown  sample;  [0]s  is  the  solubility  of  oxygen  in  the  Si  at 
a  temperature  T;  Z>ox  t  is  the  diffusion  coefficient  of 
oxygen  in  silicon  at  a  temperature  Ta.  [0]s  and  Doxt 
are  given  by  [22] 

^  (  2.53  eV\  , 

Doxt  =  0.13 exp ( - cm"  s  \ 

1.52  eV\ 
kT  )' 

The  boundary  conditions  are  the  following: 

At  the  front  side  (x  =  0): 


[0]s  =  9x  1022  exp 


where  DH  is  the  diffusion  coefficient  of  the  atomic  [H]  =  [H]0  =  1018  cm  3  whent<tH»  (6) 

hydrogen  in  the  Si  which  is  given  by  [19] 

=  0  when^>tn-  (7) 

-Y=0 


(  EA 

d[H] 

Dh  =  Do  exp  [  —  —  J , 

(4) 

dx 

where  Ea  is  the  activation  energy  of  the  diffusion 
(Ea  =  0.48  eV)  and  Do  =  9.4  x  10_3cm2s_1;  K\  is  the 
coefficient  of  the  H2  molecules  formation,  K\  =  87lRo^h 
(where  Ro  =  5  A  [20]);  Ko  is  the  dissociation  constant  of 
the  H2-molecules,  K2  =  v  exp(— E^/kT),  where  v  is  the 
vibrational  frequency  for  the  dissociation  of  H2  mole¬ 
cules  (v  =  10 13  s-1  [21])  and  Eb  is  the  binding  energy  of 
H2  (Eh  =  1.6eV  [20]);  [TDmax]  =  1016nm“3  is  the  max¬ 
imal  thermal  donors  concentration;  and  C  is  a  free 


where  fH  is  the  time  of  the  hydrogenation,  [H]0  was 
taken  as  [H]0  =  10I8cm”3  to  fit  the  experimental  data 
[H]total=  [H]  +  [H2]  =  ~  1019  cm-3  for  t  =  tH. 

At  the  backside  (x  =  xmax)  : 


d[H] 

dx 


=  0. 


(8) 


Initial  conditions: 


[H(x)]  =  0;  [H2(x)]  =  0;  [TD(x)]  =  0.  (9) 


Fig.  3.  The  SRP  profiles  for  the  p-type  Cz  Si  with  the  DZ 
(formed  by  1100°C  thermal  heating  for  5h  in  flowing  nitrogen) 
treated  for  1  h  by  a  HF  hydrogen  plasma  at  250°C  with 
subsequent  annealing  at  400°C.  The  peaks  of  the  resistance 
curves  correspond  to  the  p-n  junction  location. 


The  system  of  Eqs.  (l)-(3)  with  boundary  conditions  (6), 
(7),  (8)  and  initial  conditions  (9)  has  been  solved 
numerically. 

Figs.  4  and  5  show  the  calculated  electron  concentra¬ 
tions  originating  from  the  TDs  (double  donors)  during 
the  annealing  of  the  as-grown  Cz  Si  at  400°C  after  the 
hydrogenation  at  250°C  for  1  h  and  during  the  annealing 
at  400°C  and  450°C  after  the  hydrogenation  at  400°C 
for  10  min,  respectively.  One  can  see  (Figs.  1,  2  and  4) 
that  the  calculations  give  a  rather  correct  description  for 
the  p-n  junctions’  location.  In  case  of  the  Cz  Si  with  the 
DZ,  calculations  (Fig.  6)  give  also  rather  correct 
description  for  the  location  of  the  first  p-n  junction 
and  a  somewhat  deeper  location  than  in  the  experiment 
(Figs.  3  and  6)  for  the  second  p-n  junction.  This  fact 
shows  that  not  only  the  out  diffusion  of  oxygen  is 
important  for  the  TDs  formation  in  this  case  but  also  the 
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Fig.  4.  The  electron  concentration  due  to  the  hydrogen 
enhanced  TDs  formation  calculated  according  to  Eqs.  (1)  (4). 
(6)-{9)  for  the  as-grown  p-type  Cz  Si  treated  for  1  h  by  a 
hydrogen  plasma  at  250  C  with  subsequent  annealing  at  400  C. 


Fig.  5.  The  electron  concentration  due  to  the  hydrogen 
enhanced  TDs  formation  calculated  according  to  Eqs.  (l)-(4), 
(6H9)  for  the  as-grown  p-type  Cz  Si  treated  for  10  min  by  a 
hydrogen  plasma  at  400  C  with  subsequent  annealing  at  400'C 
and  450  C. 


oxygen  precipitation  during  the  DZ  formation  has  to  be 
taken  into  account. 


5.  Conclusions 

The  hydrogen  enhanced  TDs  formation  in  the  p-type 
Cz  Si  can  be  used  for  the  low-temperature  production  of 
device  structures:  p-n  junctions,  p-n-p  structures  and 


Fig.  6.  The  electron  concentration  due  to  the  hydrogen 
enhanced  TDs  formation  calculated  according  to  Eqs.  (l)-~{9) 
for  the  p-type  Cz  Si  with  the  DZ  (formed  by  1100  C  thermal 
heating  for  5h)  treated  for  1  h  by  a  hydrogen  plasma  at  250  C 
with  subsequent  annealing  at  400  C. 


structures  with  gradient  doping.  This  method  of  doping 
can  be  described  numerically  and  can  be  used  as  an 
alternative  low-cost,  low-temperature  one.  A  kinetic 
model  for  the  analysis  of  the  hydrogen  enhanced  TDs 
formation  in  the  as-grown  p-type  Cz  Si  is  developed  and 
can  be  used  for  the  simulation  of  the  p-n  junction 
location  originated  due  to  counter  doping  by  the  TDs. 
For  the  case  of  Cz  Si  with  the  DZ.  this  model  has  to  be 
corrected.  The  oxygen  precipitation  during  the  DZ 
formation  process  has  to  be  taken  into  account. 
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Abstract 

Five  electron  traps  El  (£(  =0.17eV),  E2  (£(  =  0.22eV),  E3  (£(  =  0.29eV),  E4  (£f  =0.43eV),  and  E5 
(Ec  =  0.50eV)  were  created  in  n-Si  by  45keV  H  implantation.  El  (VO-centre)  and  E2  (Vs  )  increased  linearly 
with  fluence  in  the  range  5x  10,o-l  x  10l2cm  2,  while  the  hydrogen-related  defects  E3  (VO-H)  and  E5  showed  a 
quadratic  fluence  dependence.  E4  also  exhibited  a  quadratic  fluence  dependence,  which  could  be  characteristic  of 
overlapping  traps,  including  VP,  V2  VH,  and  V2H.  The  ratio  E3  :  El  showed  sign  of  saturation  at  the  higher  fluences, 
whereas  E5:E2  increased  monotonically  with  the  increasing  fluence.  E3  and  E5  increased  with  the  annealing 
temperature  at  the  expense  of  El  and  E2.  respectively,  up  to  200  C,  but  without  a  one-to-one  correlation.  Two 
secondary  defects  E6  (£(  —  0.20  eV)  and  E7  ( E( •  =  0.49  eV),  which  we  propose  to  be  higher-order  vacancy  clusters, 
were  observed  above  350  C.  (C  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  interaction  of  H  with  deep  levels  in  Si  is  a  subject 
of  both  technological  and  scientific  interest.  Hydrogen 
can  be  introduced  into  the  semiconductor  material  both 
intentionally  and  unintentionally  through  a  host  of 
ways,  including  growth,  ion  implantation,  chemical 
cleaning,  or  exposure  to  a  hydrogen  plasma  [1].  It  is 
very  mobile  and  exhibits  a  wide  range  of  interactions 
with  impurities  and  defects  in  crystalline  semiconductors 
[2].  Over  the  past  decade,  much  has  been  learned  about 
the  structure  of  hydrogen-related  electron  traps  in  Si.  A 
deep  level  at  ^£c  =0.16eV  has  been  identified  as 
the  H-C  complex  [3].  Due  to  the  isoelectronic  beha¬ 
viour  of  substitutional  C  in  crystalline  Si,  this  level 
mainly  reflects  the  electronic  properties  of  the  isolated 
hydrogen  [4].  Defects  E3  (-£(  =  0.32  eV)  and  E5 
(~£c  =  0.45  eV)  have  also  been  related  to  hydrogen 
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complexes  [5].  More  recently,  Laplace  deep-level  tran¬ 
sient  spectroscopy  (DLTS)  has  been  used  in  conjunction 
with  EPR  annealing  data  to  identify  E3  as  the  VO-H 
complex,  as  well  as  the  acceptor  levels  of  VH  and  V2H  in 
Si  [6].  In  general,  no  deep  levels  associated  with  the 
implanted  species  are  observed  by  DLTS  in  room- 
temperature-bombarded  Si,  except  for  hydrogen.  In  this 
study,  we  report  on  the  fluence  dependence  and 
isochronal  annealing  behaviour  of  defects,  especially 
the  H-related  traps,  introduced  in  n-Si  by  45keV  H 
implantation. 


2.  Experimental  procedure 

n-type  Czochralski  (Cz)  Si(l  00)  wafers  with  resistiv¬ 
ity  of  0. 7-1.1  Qcm  were  implanted  at  RT  by  45keV  H 
ions  to  fluences  ranging  from  5  x  1010  to  1  x  10l2cm  2. 
The  fluence  rate  was  fixed  at  1  x  10mcm“2s-1  for  all 
implants.  Isochronal  annealing  in  the  150-600‘C  range 
was  performed  on  samples  implanted  to  1  x  10Mcm"2 
for  15  min  under  Ar  flow.  Following  chemical  cleaning, 
including  a  final  dip  in  5%  HF.  Au  Schottky  contacts 
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were  fabricated  on  samples  by  resistive  evaporation. 
DLTS  was  used  to  study  the  fluence  dependence  and 
isochronal  annealing  behaviour  of  hydrogen-induced 
defects.  Reverse  bias  and  filling  pulse  conditions  were 
chosen  such  that  the  region  extending  between  0.35  and 
0.6  jim  of  each  sample  was  probed  by  DLTS. 

3.  Results  and  discussion 

DLTS  spectrum  (a)  in  Fig.  1  was  taken  from  a  sample 
implanted  with  45keV  H“  ions  to  a  fluence  of 
1  x  1011  cm-2.  Spectra  (b-d)  are  from  samples  annealed 
at  150°C,  200°C,  and  500°C,  respectively.  Hydrogen 
implantation  created  five  electron  traps  El 
(Ec  =  0.17eV),  E2  (Ec  =  0.22  eV),  E3  (Ec  =  0.29  eV), 
E4  ( Ec  =  0.43  eV),  and  E5  (Ec  =  0.50  eV).  In  the  n-type 
Si,  single  vacancies  created  by  H  interact  with  each 
other,  dopant  atoms  (e.g.  P)  and  interstitial  oxygen  (Oj) 
to  form  the  divacancy  (V2),  VP-  and  VO-centres.  Defects 
El,  E2,  and  E4  correspond  to  the  well-known  VO- 
centres,  V2-^-,  and  the  superposition  of  the  VP-centres 
and  V2/0,  respectively  [7].  We  will  establish,  in  what 
follows,  that  E4  may  also  contain  contributions  from  H- 
related  defects.  Since  P  and  O;  are  more  efficient 
trapping  centres  for  the  single  vacancies,  they  are 
produced  in  larger  concentrations  than  V2  [spectrum 
(a)  in  Fig.  1].  Interaction  between  implanted  H  and 
other  defects  produces  E3  and  E5  [5],  with  the  former 
being  the  VO-H  complex  [6].  Leveque  et  al.  have 
recently  proposed  that  E5  resulted  from  the  interaction 
of  H  with  V2  [8].  The  virtual  nondetection  of  E4  in 
spectrum  (c)  and  given  that  the  VP-centre  is  thermally 
unstable  above  ~  180°C,  reveals  that  defect  E4  consisted 
mostly  of  VP-centres.  More  will  be  said  about  DLTS 
spectra  (b-d)  later. 

Fig.  2(a)  illustrates  the  fluence  dependence  for  the 
introduction  of  electron  traps  in  n-Si  by  45keV  H- 
implantation.  The  VO-centre  (El)  and  V2~/_  (E2)  are 
introduced  linearly  with  ion  fluence,  albeit  the  latter  is 
introduced  in  much  lower  concentrations.  The  linear 
fluence  dependence  of  E2  shows  that  it  is  created  as  a 
primary  event,  and  its  lower  concentration  than  El 
reveals  that  it  has  a  higher  energy  formation  threshold. 
Our  results  are  consistent  with  a  previous  study  using 
200  keV  H-implantation  of  Si  in  the  fluence  range  from 
3  x  109  to  1  x  101 1  cm-2  [9].  On  the  other  hand,  E3  (VO- 
H)  and  E5  exhibit  a  quadratic  dependence  on  hydrogen 
fluence.  A  near-quadratic  dependence  of  the  VO-H 
centre  was  also  reported  in  Ref.  [9]  for  fluences 
<5xl0,ocm-2.  The  quadratic  dependence  clearly 
shows  that  the  introduction  rates  of  E3  and  E5  become 
increasingly  more  favourable  at  the  higher  fluences  when 
both  H  and  other  primary  defects,  such  as  VO,  become 
more  abundant.  In  contrast  to  the  linear  fluence 
dependence  of  the  level  at  Ec  =  0.41  eV  reported  in 


Temperature  (K) 

Fig.  1.  DLTS  spectra  from  (a)  as-implanted  n-Si,  and  samples 
annealed  for  15  min  at:  (b)  150°C,  (c)  200°C,  and  (d)  500°C.  All 
samples  were  implanted  with  45keV  H  ions  to  a  fluence  of 
1  x  10ncm~2  at  room  temperature. 


Fig.  2.  Fluence  dependence  of  (a)  creation  of  El  (VO), 
E2  (V5-/-),  E3  (VO-H),  E4,  and  E5,  and  (b)  ratio  E3 :  El  and 
E5 :  E2. 

Ref.  [9],  results  shown  in  Fig.  2(a)  reveal  a  quadratic 
dependence  of  E4  on  fluence  similar  to  E3  and  E5. 
Assuming  that  E4  was  the  superposition  of  the  primary 
defects  VP  and  V2 /0,  one  would  indeed  expect  a  linear 
fluence  dependence  of  E4.  Bonde  Nielsen  et  al.  have 
recently  shown  that  the  activation  enthalpies  of  VH0/~ 
and  V2H°“  were  0.443  and  ~0.43eV,  respectively, 
which  are  practically  indistinguishable  from  those  for 
VP  and  V2/0  [6].  We,  therefore,  propose  that  the 
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Annealing  Temperature  (K) 

Fig.  3.  Isochronal  annealing  behaviour  of  implantation-in¬ 
duced  defects  El  (VO).  E3  (VO  H).  and  E5.  and  secondary 
defects  E6  and  E7. 


quadratic  dependence  of  E4  on  fluence  could  be  due  to 
the  presence  of  the  overlapping  defect  VH.  It  is  pointed 
out  here  that  annealing  at  200  C  [spectrum  (c)  in  Fig.  1] 
should  remove  almost  all  of  VH  [6],  Furthermore,  the 
larger  fluences  used  in  this  study  may  account  for  the 
discrepancy  between  the  results  presented  here  and  in 
Ref.  [9]. 

Further  insight  is  obtained  on  the  introduction  of  E3 
(VO-H)  and  E5  by  comparing  their  intensities  with 
respect  to  those  of  El  (VO)  and  E2  (V;5  ),  respectively, 

as  shown  in  Fig.  2(b).  The  ratio  [VO-H]/[VO]  increases 
initially  but  tends  towards  saturation  at  the  higher 
fluences.  Such  a  behaviour  may  be  characteristic  of  the 
VO-H  complex  because  of  both  the  limited  supply  of  O 
in  samples  and  the  formation  of  VO-H2,  which  is 
electrically  inactive  [6],  at  the  higher  fluences.  In 
contrast,  the  ratio  [E5]/[E2]  increases  monotonically 
with  the  increasing  hydrogen  fluence.  Assuming  the 
proposed  relationship  between  E5  and  V2  [8],  we 
speculate  that  the  hydrogenation  of  V2  is  enhanced  at 
the  higher  fluences  when  more  V2  are  created  in  both 
direct  events  and  combination  of  single  vacancies  (O 
trapping  sites  having  been  consumed). 

We  now  turn  to  the  isochronal  annealing  of  defects  as 
shown  in  Fig.  3.  We  have  not  measured  the  annealing  of 
E2  because  of  the  large  uncertainty  in  measuring  its  peak 
intensity.  The  initial  increase  in  E3  below  200  C  does 
not  correlate  linearly  with  the  decrease  in  El.  The 
relatively  larger  decrease  in  El  could  be  attributed  to  the 
removal  of  an  overlapping  bistable  QC*  pair  [10], 
together  with  the  further  passivation  of  VO  by  H 
released  from  complexes  with  low  thermal  stability,  such 
as  H-C  and  VH.  Both  VO  and  VO-H  are  removed 
above  200' C.  A  comparison  of  spectra  (a-c)  in  Fig.  1 
clearly  showrs  the  annealing  of  V2  .  The  removal  of  E2 
is  accompanied  by  the  simultaneous  increase  in  E5, 


which  establishes  a  relationship  between  E2  and  E5  [8]. 
The  removal  of  vacancy-related  defects  E1-E5  above 
350°C  is  accompanied  by  the  formation  of  secondary 
defects  E6  ( Ec  =  0.20 eV)  and  E7  (Ec  =  0.49 eV).  The 
similar  annealing  behaviour  of  E6  and  E7  suggests  that 
they  may  be  two  charge  states  of  the  same  defect.  We 
have  previously  correlated  the  creation  of  similar  defects 
in  both  MeV  alpha-particle  irradiated  and  Si-implanted 
n-type  Si  samples  annealed  above  300?C  with  the 
disappearance  of  V2  [11,12],  and  concluded  that  they 
were  higher-order  vacancy  complexes. 


4.  Conclusions 

In  summary,  we  have  investigated  the  fluence 
dependence  and  isochronal  annealing  behaviour  of 
defects  created  in  45keV  H-implanted  n-Si.  VO  and 
V2  exhibited  linear  fluence  dependencies,  whereas 
each  of  VO-H,  E4,  and  E5  showed  a  quadratic 
dependence  on  fluence.  In  addition  to  the  VP-centre 
and  V2  °,  the  VH  complex  could  also  be  a  component  of 
E4.  The  ratio  [E3]/[EI]  showed  saturation  at  the  higher 
fluences  typical  of  the  limited  supply  of  O  and  the 
further  passivation  of  VO-H  into  electrically  neutral 
VO-H2.  The  initial  increase  of  VO-H  below  20CFC 
could  be  due  to  the  hydrogenation  of  VO  upon  release  of 
H  from  less-thermally  stable  defects,  such  as  H-C  and 
VH.  Annealing  experiments  have  shown  the  close 
correlation  between  E5  and  V2,  as  well  as  the  creation 
of  two  higher-order  vacancy  complexes.  E6  and  E7. 
above  350'C.  E6  and  E7  could  be  the  same  defect  but 
with  different  charge  states. 
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Abstract 

A  deep  level  transient  spectroscopy  (DLTS)  study  of  defects  found  in  float-zone  p-type  silicon  exposed  to  a  DC 
hydrogen  plasma  is  reported.  DLTS  measurements  of  these  samples  revealed  three  deep  levels.  Two  of  the  levels  are 
broad,  with  ET-Ey  in  the  range  0.34-0.39  eV  (H2)  and  0.40-0.44 eV  (H3);  these  appear  as  bands  in  the  Arrhenius  plot. 
The  third  level  has  an  activation  energy  of  0.09 eV  (HI).  The  variations  in  the  capture  cross-sections  of  H2  and  H3  are 
believed  to  be  strain-related.  The  concentration  of  H3  exceeds  the  other  two  levels  and  decreases  rapidly  into  the 
samples  with  ~10l5cm-3  at  a  depth  of  0.20  pm.  H3  is  tentatively  ascribed  to  an  extended  defect.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Hydrogen  is  one  of  the  most  important  impurities  in 
silicon  and  is  often  used  in  the  passivation  of  defect  and 
other  impurity  states.  It  is  commonly  introduced  into 
silicon  via  exposure  to  a  hydrogen  plasma.  However, 
exposure  to  this  plasma  environment  also  creates  defects 
in  the  material  such  as  hydrogen  platelets,  H2  molecules, 
point  defects,  etc.  [1].  The  damage  caused  by  plasma 
is  well  known  to  be  electrically  active,  which  can 
be  detrimental  to  the  devices  fabricated  from  the 
material. 

There  have  been  a  few  reports  in  the  literature  [2-6]  on 
the  electrical  characteristics  of  defects  induced  through 
various  plasma  techniques,  the  majority  of  which  were 
on  n-type  material.  Hwang  et  al.  [3]  were  amongst  the 
first  to  detect  deep  levels  in  oxygen-precipitated  p-type 
Cz-Si  after  hydrogen  plasma  processing;  the  deep  levels 
were  believed  to  be  caused  by  the  energetic  ions  in  the 
plasma.  Both  Nam  et  al.  [5]  and  Henry  et  al.  [6]  assigned 
the  deep  levels  they  found  in  their  Cz  material  to  some 
type  of  extended  defect  or  possibly  platelets. 


*Corresponding  author.  Fax:  +27-41-504-2573. 
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There  is  considerable  variation  in  the  deep  levels 
reported  since  the  experiments  were  performed  exclu¬ 
sively  on  Czochralski  silicon  (with  the  exception  of  Ref. 
[4],  where  the  material  type  was  not  mentioned).  In  this 
material,  the  contribution  of  oxygen,  such  as  thermal 
donors  and  oxygen  precipitates,  towards  the  formation 
of  the  defects  cannot  be  excluded.  For  this  reason,  float- 
zone  silicon  was  employed  in  this  work  and  deep  level 
transient  spectroscopy  (DLTS)  was  used  to  detect  its 
electrical  characteristics. 


2.  Experimental  details 

Boron-doped  0. 1-0.6  Q  cm  float-zone  silicon  wafers 
have  been  used  in  this  study.  Hydrogen  was  introduced 
into  the  samples  in  a  remote  DC  hydrogen  plasma  with  a 
voltage  of  600  V  applied  across  the  plates.  The  samples 
were  held  at  a  temperature  of  150°C,  and  a  reverse  bias 
was  applied  which  accelerated  the  ions  into  the  sample. 
These  conditions  were  found  to  cause  the  passivation  of 
the  B-acceptors  by  the  hydrogen  through  the  formation 
of  electrically  neutral  B-H  complexes  [7]. 

The  samples  were  subsequently  annealed  at  300°C  in 
an  inert  atmosphere  after  plasma  exposure  to  restore  the 
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dopant  profile  to  its  original  state.  Schottky  barrier 
diodes  (SBDs)  were  fabricated  with  A1  Schottky 
contacts  and  Ga-In  eutectic  ohmic  contacts.  DLTS 
spectra  were  collected  in  the  temperature  range  40- 
320  K  and  the  rate  window  was  set  using  a  lock-in 
amplifier.  The  activation  energies  (Ej-Ey)  and  appar¬ 
ent  hole  capture  cross-sections  <rp  were  determined  from 
the  Arrhenius  plot  using  the  lock-in  frequencies  between 
1  and  460  Hz.  Reference  samples  underwent  similar 
treatments  with  a  zero  plate  voltage  in  the  plasma 
system  (i.e.  no  plasma  exposure). 


3.  Results 

DLTS  spectra  from  different  SBDs  passivated  under 
identical  conditions  are  shown  in  Fig.  1.  It  was  not 
possible  to  scan  samples  A  and  B  to  higher  temperatures 
since  leakage  current  became  dominant  at  higher 
temperatures.  It  is  evident  from  Fig.  1  that  the  plasma 
introduced  a  significant  concentration  of  defects  into 
silicon,  which  were  all  found  to  be  within  0.3  pm  of  the 
semiconductor  surface.  Not  all  the  DLTS  peaks  u'ere 
present  in  the  spectrum  of  each  SBD.  These  irregular 
occurrences  are  ascribed  to  the  non-uniform  plasma 
conditions  resulting  in  an  inhomogeneous  defect  dis¬ 
tribution.  These  peaks  could  not  have  originated  from 
surface-related  defects  since  we  did  not  find  any  peaks  in 
the  reference  sample.  Three  deep  level  traps  could  be 
identified;  they  are  labelled  HI,  H2  and  H3,  with  the 
latter  being  the  dominant  peak. 


Fig.  1.  DLTS  spectra  of  selected  SBDs  taken  at  a  frequency  of 
46  Hz  (t  =  9.35  ms)  under  a  reverse  bias  of  -1  V.  filling  pulse  of 
+  1.3  V  and  pulse  width  of  0.5  ms. 


Fig.  2.  Arrhenius  plot  of  all  deep  levels  found  in  plasma- 
exposed  samples  (markers).  Included  are  data  from  Ref.  [9] 
(dashed  line).  Ref.  [11]  (dotted  line).  Ref.  [10]  (solid  line)  and 
Ref.  [6]  (dot  dash  line). 


Table  l 


Range  of  defect  energy  levels  and  effective  capture  cross- 
sections  obtained  for  the  defects  found  in  Fig.  I 


E\  -E\  (eV) 

ffP  (cm  2) 

HI 

0.09 

2E-15-7E-15 

H2 

0.34  0.39 

2E-I6-6E-15 

H3 

0.40- -0.44 

1 E- 1 7— 5E- 1 7 

Fig.  2  shows  the  Arrhenius  plots  of  all  the  defects 
found  in  the  plasma  exposed  material.  Defects  found  in 
literature  with  similar  trap  signatures  are  also  plotted  in 
Fig.  2.  It  is  seen  that  the  Arrhenius  data  of  the  deep 
levels  lie  in  three  distinct  bands.  Each  band  is  attributed 
to  a  single  defect  since  the  slopes,  i.e.  activation  energy, 
are  nearly  identical.  These  defects  are  thought  to  exist  in 
a  varying  strain  field,  thus  affecting  the  hole  capture  rate 
and  subsequently  <rp.  Table  1  lists  the  ranges  in  which 
the  defect  energy  levels  and  apparent  capture  cross- 
sections  lie. 

The  average  concentration  of  HI  was  determined  as 
2  x  1013cm' 3  and  typical  concentration  profiles  of  H2 
and  H3  are  plotted  in  Fig.  3.  It  should  be  noted  that  the 
effect  of  the  Debye  free  carrier  tail  was  not  taken  into 
consideration  during  the  calculation  of  the  defect  depth 
profiles.  There  is  an  extremely  high  concentration  of 
defects  near  the  surface  (H3)  that  decreases  with  a  near¬ 
exponential  behaviour  into  the  plasma-exposed  materi¬ 
al.  A  reasonable  correlation  exists  between  the  profiles 
of  H2  and  H3  in  the  range  0.21-0.24  pm;  their  creation 
likely  arose  from  the  same  source,  i.e.  plasma  damage 
and/or  is  hydrogen  related.  Experimental  constraints 
due  to  the  lower  capacitance  (and  thus  larger  depletion 
width)  at  the  temperature  of  the  H2  peak  maximum 
limited  the  start  of  the  defect  profiling  to  a  depth  of 
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0.22  0.24 

Depth  (Jim) 


0.26 


0.28 


Fig.  3.  Concentration  profiles  of  the  H2  and  H3  deep  levels. 


0.21  pm.  It  is  quite  possible  that  the  profile  of  H2  has  the 
same  trend  as  H3  before  0.21  pm. 

The  defect  H3  exhibited  anomalous  behaviour  during 
reverse  bias  annealing  (RBA)  at  temperatures  higher 
than  320  K.  Upon  RBA,  the  peak  intensity  decreased 
during  the  first  30  min  after  which  it  increased  slightly  in 
intensity.  A  zero  bias  anneal  (ZBA)  at  347  K  restored  the 
peak  height  to  its  original  value.  No  new  DLTS  peak 
was  detected  during  the  annealing.  Furthermore,  there 
was  no  measurable  change  in  the  trap  profile  before  and 
after  RBA.  It  is  believed  that  a  complex  reaction  takes 
place  during  the  RBA  with  at  least  two  competing 
processes.  Further  investigations  are  continuing  in 
this  area. 


4.  Discussion 

The  likelihood  of  HI  (0.09 eV)  being  the  FeB 
complex  (known  to  occur  at  O.lOeV  [12])  was  discounted 
given  that  no  peak  was  seen  in  the  reference  sample, 
implying  that  there  was  no  Fe  contamination  during 
the  processing.  A  bistable  Q  —  Cs  defect,  in  which 
one  of  the  configurations  has  the  same  activation 
energy  as  HI,  was  detected  in  electron-irradiated 
material  [8].  Since  HI  did  not  exhibit  the  described 
bistable  behaviour,  it  therefore  could  not  be  identified 
with  the  carbon-related  defect.  However,  excellent 
correspondence  was  found  with  an  unidentified  defect 
formed  in  dislocation-induced  silicon  [9],  which  is 
seen  in  Fig.  2.  HI  is  therefore  ascribed  to  an  intrinsic 
defect. 

The  trap  signatures  of  both  H2  and  H3  varied  from 
diode  to  diode.  Although  the  activation  energies  change 
slightly,  the  more  noteworthy  feature  is  the  considerable 
variation  in  the  capture  cross-sections.  It  is  believed  that 
the  defects  exist  in  a  strain  field,  where  the  efficient 
capture  of  holes  could  be  affected  by  the  surrounding 
matrix. 


The  trap  signature  of  H2  agrees  relatively  well  with  a 
defect  (Ej  =  0.38  eV,  ap  —  1  x  10“ 15  cm2)  formed  dur¬ 
ing  electron-beam  deposition  [10],  while  Ref.  [11]  also 
detected  a  defect  with  similar  energy  and  capture  cross- 
section  (Ej  =  0.41  eV,  trp  =  8  x  HT15  cm2)  in  thermally 
quenched  silicon  (see  Fig.  2).  However,  they  did  not 
observe  any  significant  variation  in  the  capture  cross- 
section. 

We  now  consider  the  H3  level.  An  additional  factor 
contributing  to  the  variation  of  its  capture  cross-section 
is  the  shifting  of  the  peak  maximum  towards  higher 
temperature  during  annealing.  This  shifting  occurred  for 
both  zero  bias  and  reverse  bias  anneals.  For  a  lock-in 
frequency  of  46  Hz,  the  temperature  shifted  from  286  to 
301  K,  where  it  then  stabilised.  The  peak  intensity  also 
increased  after  ZBA.  The  broad  nature  of  the  H3  peak, 
coupled  with  its  temperature  behaviour,  leads  us  to 
suggest  that  it  may  contain  multiple  peaks  arising  from  a 
band  of  defects  with  closely  spaced  energy  levels;  during 
annealing  the  relative  population  of  the  various  states 
could  change,  thereby  shifting  the  position  of  the 
effective  peak  maximum.  This  might  further  imply  that 
it  is  an  extended  defect.  Henry  et  al.  [6]  detected  a  similar 
trap  level  at  E\  +  0.48  eV  (plotted  in  Fig.  2)  after 
exposing  Cz-Si  to  a  D2  plasma  during  reactive  ion 
etching.  However,  they  did  not  report  any  metastability 
or  shifting  of  erp. 


5.  Conclusions 

Three  deep  levels  were  detected  in  p-type  float- 
zone  silicon  after  exposure  to  hydrogen  plasma,  with  a 
high  concentration  of  defects  near  the  surface.  Two  of 
the  levels  have  variable  capture  cross-sections  which 
could  be  attributed  to  the  strained  matrix  around 
the  defects  and  possibly  extended  defects.  Trap 
signs  similar  to  these  three  levels  were  found  in  either 
plasma-exposed  electron  irradiation  or  dislocation- 
induced  Si. 
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Abstract 

Local  mode  spectroscopy  and  ab  initio  modelling  are  used  to  investigate  two  trigonal  defects  found  in  carbon-rich  Si 
into  which  H  had  been  in-diffused.  Isotopic  shifts  with  D  and  ,3C  are  reported  along  with  the  effect  of  uniaxial  stress. 
Ab  initio  modelling  studies  suggest  that  the  two  defects  are  two  forms  of  the  CH*  complex  where  one  of  the  two 
hydrogen  atoms  lies  at  an  anti-bonding  site  attached  to  C  or  Si,  respectively.  The  two  structures  are  nearly  degenerate 
and  possess  vibrational  modes  in  good  agreement  with  those  observed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.— y;  61.72.Bb;  63.20.Pw 

Keywords:  Silicon;  Hydrogen;  Carbon;  Impurity  complexes;  Absorption  bands 


1.  Introduction 

Hydrogen  and  carbon  are  common  interstitial  and 
substitutional  impurities,  respectively,  in  silicon  [1,2]. 
The  single  hydrogen  defect  is  highly  mobile  and  is  easily 
trapped  by  impurities  and  lattice  defects.  One  prominent 
defect  found  in  proton  implanted  Si,  or  Si  containing  H 
which  has  been  e-irradiated,  is  the  trigonal  H*  centre 
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which  contains  two  inequivalent  H  atoms.  One  H  atom 
lies  at  a  bond  centred  site  and  the  other  at  a 
neighbouring  anti-bonding  site  [3].  It  might  be  expected 
that  dilated  Si-Si  bonds  due  to  the  strain  field 
surrounding  substitutional  carbon  atoms  will  be  trap¬ 
ping  sites  for  H.  However,  the  greater  binding  energy  of 
H  with  C  rather  than  Si  [4]  suggests  that  H  will  attach 
directly  to  C.  Examples  of  defects  where  H  bonds  to  Si 
rather  than  C  are  given  in  Ref.  [5],  while  Ref.  [6] 
exemplifies  the  second  defect  type.  In  other  cases,  it  is 
not  clear  which  type  is  present  [7,8]. 

Recently,  several  local  vibrational  modes  (LVMs) 
were  observed  in  carbon-rich  Si  samples  treated  in  a 
hydrogen  ambient  at  high  temperatures  [9-12].  Some 
arise  from  a  trigonal  complex  containing  one  carbon 
and  two  hydrogen  atoms  [9].  The  LVMs  of  this  defect, 
labelled  (C-H*)2,  are  given  in  Table  1.  Following 
previous  theoretical  results  [13],  it  was  suggested  that 


0921-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  80921  -4526(01  )007  1  9-0 


198 


B.  Hour ahine  el  at.  /  Physica  B  30S  310  (2001)  197  201 


Table  1 

Observed  and  calculated  LVMs  (cm1),  for  two  forms  of  the  C-H*  trigonal  defect 


(C-H*)j 

Suggested  LVM  assignment 

'-c,  H 

l:CH.D 

l2C,  D 

'■’C,  H 

,3CH,D 

13C,  D 

A]  (Si-H  stretch) 

2210.4 

1606.05,  1607.3. 

1607.3 

2210.4 

1607.3 

(Si-C) 

665.3 

2210.4,  2214.5 

649.  665.4 

648.8 

645.85 

634.6 

Calculated  H^CkL,  Si 

A|  (C-H  stretch) 

2664.5 

2177.8,  2662.9 

1950.7 

2657.4 

2177.8.  2655.7 

1940.5 

A|  (Si  H  stretch) 

2172.3 

1560.5,  1946.2 

1559.9 

2172.2 

1560.4,  1936.0 

1559.9 

E  (C-H  wag) 

1018.4 

750.7,  1018.4 

750.7 

1017.0 

743.4.  1017.0 

743.4 

E  (Si-C) 

665.0 

646.9,  665.0 

646.9 

645.6 

633.4.  645.6 

633.4 

E  (Si-H  wag) 

581.7 

581.7.  536.3 

536.3 

581.7 

536.2.  581.7 

536.2 

(C-H*), 

Suggested  LVM  assignment 

'-c.  H 

'-CH.D 

l2C,  D 

,3C.  H 

l3CH,D 

13C,  D 

A|  (C-H  stretch) 

A]  (Si-H  stretch) 

2752.3 

1921.8 

1400.3,  1401.2. 

1401.2 

2745.1 

1921.8 

1401.2 

E  (Si-  H  wag) 

792.0 

1921.8,  1922.7 
571.8.  792.0 

571.6 

792.0 

571.4 

Si  H  wag  overtone 

1550.2 

793.2 

Calculated  H„/,SiH/,  C 

A|  (C-H  stretch) 

2736.3 

2007.2.  2736.3 

2006.3 

2728.7 

1996.4.  2728.6 

1995.3 

Ai  (Si-  H  stretch) 

1923.3 

1383.0.  1922.5 

1383.0 

1923.3 

1383.0.  1922.4 

1383.0 

E  (C-H  wag) 

896.5 

813.3.  895.9 

709.1 

892.7 

813.3.  892.1 

694.6 

E  (Si  -H  wag) 

812.3 

634.9,  708.6 

634.9 

812.2 

634.9.  694.1 

634.8 

E  (Si  C  stretch) 

628.6 

581.3,  628.6 

581.3 

612.7 

576.1,  612.7 

576.1 

Fig.  1.  The  two  degenerate  Cj,  structures  for  CH*:  (a) 
H^CH^Si  and  (b)  H„/,SiH/„  C  Relevant  bond  lengths  and 
angles  are  shown  where  appropriate. 


this  complex  is  a  H*  defect  trapped  near  C.  There  are 
two  possible  trigonal  forms  of  the  centre  where  the  anti¬ 
bonding  sited  H  is  bonded  to  Si  or  C  (Fig.  1).  The 
observed  modes  are  somewhat  more  stable  than  H*, 
which  anneals  at  ^200  C  [3].  as  they  survive  until 
~40(FC  [9].  We  show  in  the  present  work  that  there  is 
another  set  of  LVM  absorption  lines,  which  is  related  to 
the  other  form  of  C-H*  centre,  labelled  (C-H*),.  These 


assignments  are  based  on  the  analysis  of  positions, 
shifts,  and  splitting  of  LVM  bands  with  different 
isotopic  combinations  (H,  D,  ,2C\  13C).  Application  of 
uniaxial  stress  and  comparison  with  ab  initio  modelling 
further  strengthen  the  assignments. 

2.  Experimental  and  theoretical  details 

Samples  for  this  study  were  prepared  from  lightly- 
doped  n-type  and  p-type  fioat-zone-grown  Si  crystals 
with  different  carbon  concentrations  in  the  range  (1.5- 
3.0)xl017  cm--1.  A  few  samples  were  prepared  from  a 
crystal  enriched  with  13C  isotopes  to  about  8  x 
1017  cm"3.  Hydrogen  and/or  deuterium  was  introduced 
by  a  heat  treatment  at  1250-1350  C  for  30  min  or  1  h  in 
a  Hi  (D2)  gas  ambient  at  a  gas  pressure  of  about  1.0  or 
1.5  atm,  followed  by  a  quench.  The  isochronal  annealing 
was  carried  out  in  an  argon  atmosphere  in  temperature 
steps  of  25  C  in  the  range  of  100-450’C,  for  30  min  at 
each  temperature.  The  thickness  of  the  samples  was  in 
most  cases  about  6  mm.  The  samples  used  for  the 
uniaxial  stress  measurements  had  dimensions  10  x  3  x 
2  mm3.  Optical  absorption  spectra  were  measured  by 
Fourier  transform  infrared  (FT-IR)  spectrometers  at 
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Fig.  2.  (a)  Difference  absorption  spectra  measured  at  10  K  with  a  resolution  0.5  cm  1  for  (1)  Si  :  12C  samples  doped  with  hydrogen 
and  deuterium  and  (2)  Si  :  13C  samples  doped  with  hydrogen  and  deuterium  (spectra  of  D-doped  sample  were  subtracted  from  those  of 
H-doped  ones);  (b)  details  of  infrared  absorption  spectra,  measured  at  10  K  with  a  resolution  0.1  cm  on  12C-  and  1  C-rich  Fz-Si 
samples,  which  were  doped  with  hydrogen,  deuterium  and  H  +  D  mixture  (50%  +  50%).  Multiplication  factors  for  different  parts 
of  the  spectra  are  indicated.  All  the  samples  were  treated  in  H(D)  gas  ambient  at  1350°C  for  30  min  with  a  gas  pressure  of  about 
1.5  atm. 


~10K.  The  spectral  resolution  varied  from  0.1  to 
0.5  cm""1. 

The  properties  of  C-H*  defects  in  silicon,  were 
investigated  by  a  local  density-functional  technique  as 
implemented  in  the  aimpro  code  [14].  The  defects  were 
inserted  into  64  atom  supercells  and  a  23  Monkhorst- 
Pack  k-point  sampling  scheme  used  to  integrate  over  the 
band  structure  [15].  The  basis  consisted  of  independent 
s-  and  p-Gaussian  orbitals,  with  four  different  expo¬ 
nents,  sited  at  each  Si  atom,  four  at  the  carbon  atom, 
and  three  at  the  H  atom.  In  addition,  a  single  set  of  s- 
and  p-Gaussian  functions  was  placed  between  every 
neighbouring  pair  of  atoms.  The  Hartree  and  Perdew- 
Zunger  [16]  exchange-correlation  energies  were  calcu¬ 
lated  using  a  plane-wave  intermediate  fit  with  an  energy 
cut-off  of  200  Ry.  All  atoms  were  allowed  to  relax  by  a 
conjugate  gradient  method.  The  second  derivatives  of 
the  energy  were  found  for  the  atoms  of  the  defects  and 
their  immediate  neighbours,  allowing  vibrational  modes 
to  be  calculated  from  the  dynamical  matrix,  with 
additional  entries  in  the  matrix  constructed  from  a 
Musgrove-Pople  potential  (further  details  are  given  in 
Ref.  "[17]). 


3.  Results 

Among  the  many  sharp  absorption  lines  observed  in 
the  frequency  ranges  660-690,  790-820,  1920-1960, 
2120-2230,  and  2680-2950  cm"1  [9-12],  lines  at 
2210.4  cm""1  and  665.3  cm-1  are  of  particular  interest 
in  the  present  work  (Fig.  2).  A  clear  linear  correlation 
was  found  between  the  intensities  of  these  lines  in 


Fig.  3.  Isochronal  annealing  temperature  dependence  of  the 
integrated  absorption  intensity  of  the  bands  at  665.3  and 
2210.4  cm-1  in  a  12C-rich  FZ-Si  sample  which  was  treated  in  H2 
gas  at  1350°C  for  30  min.  IR  absorption  measurements  were 
carried  out  at  10  K  with  a  resolution  0.5  cm-1. 


different  samples  and  the  lines  were  found  to  have  an 
identical  annealing  behaviour  as  illustrated  in  Fig.  3. 
This  suggests  that  they  originate  from  the  same 
defect.  The  positions  of  the  lines  of  this  complex, 
labelled  (C-H*)j,  in  12C,  13C,  H  and  D  material,  as  well 
as  material  containing  a  mixture  of  H  and  D,  are  given 
in  Table  1. 

The  shift  of  the  665.3  cm-1  line  with  13C  and  D,  as 
well  as  its  splitting  in  the  mixed  H,  D  case,  demonstrates 
that  the  defect  contains  one  C  and  two  H  atoms.  Similar 
conclusions  arise  from  inspection  of  the  shifts  of  the 
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Fig- 4.  The  efTect  of  uniaxial  stress  on  the  2210.4  cm  1  mode.  F  denotes  stress  axis  and  E  the  electric-field  direction  of  the  incident 
light. 


2210.4  cm-1  line  except  that  its  shift  with  nC  is 
negligible.  This  implies  that  the  H  involved  in  the  mode 
is  not  bonded  directly  to  C  and  the  2210.4  cm“!  line  is 
due  to  a  stretch  mode  of  Si-H.  The  665.3  cm-1  mode  is 
assigned  to  a  perturbed  mode  of  substitutional  carbon  at 
607  enr  !. 

Fig.  4  shows  the  efTect  of  uniaxial  stress  on  the 
2210.4  cm-!  mode.  The  splitting  pattern  is  found  to  be 
consistent  with  the  assignment  to  an  Aj  mode  of  a  defect 
possessing  trigonal  symmetry. 

All  combinations  of  pairs  of  hydrogen  atoms  at  bond- 
centre  and  anti-bonding  sites  within  one  and  two 
neighbouring  sites  of  substitutional  carbon  were  struc¬ 
turally  relaxed.  Two  degenerate  structures  with  C3, 
symmetry  were  found  to  possess  the  lowest  energy  by  at 
least  -  0.4  eV.  These  structures  are  similar  to  the  H? 
defect  [3]  and  are  shown  in  Fig.  1.  The  calculated  LVMs 
are  given  in  Table  I.  The  calculated  Si-H  stretch  mode 
in  H^CHfo-Si  (Fig.  la)  at  2172  cm-1  is  close  to  the 
observed  mode  at  2210.4  cm-1.  There  are  undetected  C- 
H  stretch  and  bend  modes  at  2664.5  and  1018.4  cm-1, 
respectively.  We  assign  the  observed  mode  at  665.3  cm* 1 
to  the  E  (C~Si)  mode  at  the  same  frequency.  The 
isotopic  shifts  are  in  good  agreement  with  the  experi¬ 
mental  ones.  Accordingly,  we  assign  the  (C-H?),  defect 
to  Si. 

We  now  turn  to  the  previously  reported  modes  of  (C- 
H?)2  [9].  These  are  in  good  agreement  with  the 
calculated  modes  of  H„/,SiH/,(C  shown  in  Fig.  lb.  In 
particular,  the  C-H  and  Si-H  stretch  modes  observed  at 
2752  and  1922  cm-1  are  close  to  the  calculated  ones  at 
2736  and  1923  cm-1.  The  Si-H  wag  mode  at  792  is  close 
to  the  calculated  one  at  812  cm"1.  Similarly,  there  is 
good  agreement  with  the  isotopic  shifts.  Accordingly,  we 
assign  the  (C-H*)2  defect  to  H„/,SiH/)(  C. 

Finally,  for  completeness,  the  stress-energy  5-tensor 
for  both  forms  of  H*  were  calculated.  These  tensors 
have  not  yet  been  experimentally  measured.  The  tensors 
are  evaluated  directly  by  first  relaxing  the  volume  of  the 
cubic  cell  and  then  calculating  6E /S/:,,  with  Cartesian 


axes,  where  r., >  is  the  strain  [14].  For  trigonal  defects,  the 
tensor  has  principal  values  \B\  \  —  =  -533  with  the 

principle  directions  <111)  (along  the  C3  axis),  <  1  I  0> 
and  <112).  The  values  of  Bu  for  H„,,CH,nSi  and 
H„/,SiH/,(  C  were  found  to  be  7.69  and  1 1.15  eV  per  unit 
strain.  The  fractional  volume  changes  for  the  defects  in  a 
64  atom  cubic  cell  were  found  to  be  0.2%  and  0.3%, 
respectively,  i.e.,  AV/V{)  =  64  x  0.2%.  So  the  volume 
change  caused  by  the  defect  is  just  0.1  x  V0  where  V()  is 
the  volume  of  Si  atom  (defined  as  s). 


4.  Conclusions 

Local  mode  spectroscopy  and  ab  initio  modelling  has 
identified  two  LVM  bands  observed  at  2210.4  and 
2752.3  with  H  stretch  modes  of  two  forms  of  C~H? 
defects  where  H  lies  anti-bonded  to  C  and  Si", 
respectively.  Several  other  modes  are  observed  in  each 
defect  and  related  to  particular  atomic  displacements. 
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Abstract 


Interstitial  H2  molecules  have  been  observed  in  GaAs  and  in  Si  and  behave  very  differently  in  the  two  hosts.  In  GaAs, 
H2  has  rotational  symmetry,  a  stretch  frequency  close  to  the  free-molecule  value,  and  the  Raman  spectrum  exhibits  the 
expected  ortho/para  splitting.  In  Si,  the  symmetry  is  Ch  the  stretch  frequency  is  about  550  cm  1  lower  than  that  of  free 
H2,  and  no  ortho/para  splitting  is  seen.  In  this  paper,  we  use  ab-initio  molecular-dynamics  simulations  (SIESTA)  to 
calculate  the  vibrational  frequencies  of  H2  using  linear  response  theory  as  well  as  the  velocity-velocity  autocorrelation 
function.  We  also  study  the  interactions  between  H2  and  Oj  as  well  as  paramagnetic  H  in  Si.  Based  on  these  calculations 
and  arguments  about  the  formation  process  of  H2,  wc  argue  that  rapid  H2-  H({  interactions  are  a  possible  candidate  to 
explain  the  absence  of  ortho-H2  in  Si.  (r  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Molecular  dynamics:  Hydrogen:  Silicon;  Gallium  arsenide 


1.  Introduction 

The  interstitial  H2  molecule  in  GaAs  has  been 
observed  by  Raman  spectroscopy  [1]  and  behaves  like 
a  near-free  molecule.  At  77  K,  the  Raman  lines  at  3926 
and  3934 cm are  close  to  the  free  H2  line  (4160cm  ') 
and  show  an  8  cm  1  ortho/para  splitting  with  3:  1  ratio. 
This  implies  that  only  the  /  =  0  and  1  quantum 
rotational  states  are  occupied  and,  therefore,  that  the 
molecule  is  spherically  symmetric.  This  is  confirmed  by 
uniaxial  stress  experiments  [2]  which  show  no  line 
splitting  under  [001],  [1  1  0],  or  [1  1  1]  stress.  At  room 
temperature,  the  H2,  HD.  and  D2  lines  are  at  3911,  3429, 
and  2827  cm  \  respectively.  The  molecule  has  not  been 
seen  by  infrared  (IR)  absorption  spectroscopy.  The 
isotope  shifts  and  relative  amplitudes  are  about  as  one 
would  expect.  First-principles  calculations  [3-7]  predict 
that  the  center  of  mass  (CM)  of  H2  is  at  the  tetrahedral 
interstitial  site  with  four  Ga  nearest  neighbors  (NNs), 
Tea i  and  that  the  molecule  is  a  nearly  free  rotator.  The 
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calculated  frequencies  of  H2  are  close  to  the  measured 
ones,  3704  cm  1  in  Ref.  [6]  and  3824  cm  1  in  Ref.  [7]. 

The  behavior  of  H2  in  Si  is  different.  The  molecule  is 
not  just  Raman  [8]  but  also  IR  [9]  active,  the  local 
vibrational  mode  (LVM)  is  much  lower,  just  above 
3600cm  \  and  no  ortho-para  splitting  is  seen.  Uniaxial 
stress  experiments  [10]  imply  Ci  symmetry.  A  single  HD 
line  is  seen,  but  shifted  relative  to  its  expected  position 
[10]  and  with  a  very  low  amplitude  [11].  The  IR  lines  are 
extremely  sharp.  Some  fifteen  theoretical  papers  (see 
Ref.  [12]  for  details  and  references)  have  been  published 
on  H2  in  Si.  Most  authors  find  that  the  stretch  frequency 
is  substantially  reduced  relative  to  that  of  the  free 
molecule,  as  observed.  However,  the  CM  is  almost 
always  found  to  be  at  the  T  site  where  the  molecule 
should  be  a  nearly  free  rotator.  These  predictions 
conflict  with  several  key  experimental  data,  notably  the 
low  symmetry,  IR  activity,  and  absence  of  ortho/para 
splitting. 

Recent  ab-initio  molecular-dynamics  (MD)  simula¬ 
tions  [12]  of  H2  have  shown  that  at  T  >  OK  in  Si.  the 
average  position  of  the  CM  moves  off  the  T  site  along 
<(100)  and  shifts  off  that  axis  under  uniaxial  stress. 
Further,  the  molecule  moves  within  its  tetrahedral  cage 
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extremely  fast.  The  amplitude  of  its  oscillation  changes 
abruptly  as  the  oscillator  exchanges  energy  with  the  host 
crystal.  Similar  MD  simulations  in  GaAs  show  no  such 
motion  of  the  CM.  This  host  is  partly  ionic  and,  at  the 
TGa  site,  H2  is  surrounded  by  four  positively  charged  Ga 
NNs  and  six  negatively  charged  As  NNs.  The  resulting 
electrostatic  potential  prevents  the  rapid  motion  of  the 
molecule. 

Our  calculations  are  done  using  the  SIESTA  code 
[13,14]  as  described  in  Ref.  [12].  These  are  classical  MD 
simulations  in  which  the  electronic  problem  is  solved  at 
the  ab-initio  level  within  density-functional  theory.  The 
electronic  basis  sets  consist  of  numerical  linear  combina¬ 
tions  of  atomic  orbitals  and  vary  from  single  zeta  (SZ: 
one  s  and  three  p  per  Si  for  example)  to  double  zeta 
(DZ)  with  polarization  (P)  functions  (two  sets  of  s  and  p 
and  one  set  of  d  per  Si  for  example).  For  the  purpose  of 
calculating  vibrational  frequencies,  the  host  crystal  is 
represented  by  periodic  supercells  of  64  Si  atoms  and  the 
&-point  sampling  is  reduced  to  the  T-point. 

2.  Vibrational  frequencies 

They  are  obtained  from  two  techniques.  A  static 
(r  =  0K)  perturbative  approach,  based  on  linear 
response  theory  and  discussed  in  Ref.  [15],  extracts  the 
dynamical  matrix  analytically  from  the  derivatives  of  the 
density  matrix  relative  to  atomic  displacements.  Specific 
LVMs  are  also  calculated  dynamically  from  the  Fourier 
transform  of  the  velocity-velocity  autocorrelation  func¬ 
tion  [16,17].  Here,  the  components  of  the  velocities  of 
each  H  atom  along  the  H-H  bond  are  saved  at  every 
time-step  as  the  molecule  moves  around  its  cage  and 
interacts  with  the  Si  host  crystal.  In  the  present  work,  we 
allow  the  system  to  evolve  for  12,000  time-steps  at 
T  =  30K. 

The  measured  (gas  phase)  frequencies  of  free  H2,  HD, 
and  D2  are  4161,  3632,  and  2994  cm-1,  respectively.  The 
calculated  values  are  4185,  3625,  and  2960  cm-1  with 
linear  response  theory  and  4137,  3628,  and  2957  cm-1 
with  the  v—v  autocorrelation  function  and  a  DZP  basis 
set.  Note  that  the  dynamically  calculated  frequencies  are 
within  1%  of  the  experimental  values. 

In  GaAs,  we  calculated  the  frequencies  so  far  only 
with  the  linear  response  theory.  For  interstitial  H2,  HD, 
and  D2  at  the  Tca  site,  the  calculated  (measured  [1]) 
numbers  are  3757  (3911),  3259  (3429),  and  2657 
(2957)  cm-1,  respectively.  For  H2  at  the  Tas  site,  the 
numbers  are  3770,  3272,  and  2667  cm-1,  respectively  (H2 
has  yet  to  be  observed  at  the  Tas  site  in  GaAs).  We  find 
the  energy  difference  between  these  two  sites  to  be  small, 
0.08  eV. 

In  Si,  the  measured  [9]  frequencies  of  H2,  HD,  and  D2 
are  3618,  3265,  and  2643  cm-1,  respectively.  Our  static 
calculations  predict  3550,  3082,  and  2511cm-1,  respec¬ 


tively.  The  dynamic  frequencies  vary  with  the  basis  set 
used,  most  likely  because  of  the  rapid  interactions 
between  H2  and  the  Si-Si  bonds  around  its  cage.  A 
number  of  calculations  are  still  under  way  and  the 
results  presented  here  are  preliminary.  With  1 2,000  time- 
steps  at  30  K,  a  SZ  basis  set  on  the  Si  atoms,  and  a  DZP 
basis  set  on  the  H  atoms,  we  get  for  H2,  HD,  and  D2 
3745,  3261,  and  2649  cm-1,  respectively.  While  the  D2 
and  HD  frequencies  are  very  close  to  the  IR  values 
measured  at  10  K  (only  +6  and  -4  cm-1  off  experiment, 
respectively),  the  H2  number  is  off  by  138  cm-1!  Partial 
results  with  other  basis  sets  also  show  shifts  of  the  H2 
mode  relative  to  experiment  mode  quite  different  from 
the  shifts  of  D2  and  HD.  This  could  be  caused  by  the  size 
of  the  time-step  (0.2  fs),  insufficient  basis  sets  or  total 
simulation  times,  or  some  quantum  effect  experienced  by 
H2  but  not  by  the  heavier  HD  or  D2. 

The  substantial  reduction  (~  550  cm-1)  of  the  H2  line 
in  Si  relative  to  free  H2  is  predicted  in  most  static 
calculations.  It  is  in  large  part  caused  by  the  electron 
affinity  of  the  four  Si  NNs  and  six  second-NNs  of  H2  at 
the  T  site.  The  calculated  Mulliken  charges  [12]  at  OK 
show  that  each  of  these  10  Si  atoms  grabs  a  little 
electron  density  from  H2  which  ends  up  slightly 
positively  charged.  This  weakens  the  H-H  bond, 
stretches  the  molecule,  and  causes  a  sharp  drop  in  the 
frequency.  No  comparable  delocalization  of  the  mole¬ 
cular  wavefunction  occurs  for  H2  in  GaAs,  which  is 
surrounded  by  four  positively  charged  Ga  NNs  and  six 
negatively  charged  As  NNs. 


3.  Interactions  with  impurities 

H2  molecules  in  Si  have  been  observed  [1 1]  to  trap  in 
the  vicinity  of  interstitial  oxygen  (Oi)  with  a  binding 
energy  of  0.26  +  0.02  eV.  Two  distinct  {H2,Oj}  centers 
are  formed.  We  performed  geometry  optimizations  for 
numerous  a  priori  possible  configurations  of  H2  near  Oj 
in  the  64  host-atoms  cell,  with  a  DZP  basis  set  and  a 
2x2x2  ^  points  mesh,  and  found  two  configurations 
(Figs  1  and  2).  The  first,  with  binding  energy  0.36  eV, 
has  H2  near  a  T  site  NN  to  O;  and  the  second,  with 
binding  energy  0.19eV,  has  the  molecule  near  a  T  site 
along  the  Si-O—Si  bond. 

We  also  calculated  the  binding  energy  of  Hy,  neutral 
tetrahedral  interstitial  hydrogen,  near  H2.  The  energy 
gain  for  Hy  and  H2  at  adjacent  T  sites  relative  to 
infinitely  far  apart  is  0.16eV  (0.12  eV  with  Hy  and  H2  at 
second  NN  T  sites). 


4.  Formation  of  H2  in  Si  and  ortho-to-para  transition 

The  absence  of  distinct  ortho-  and  para-H2  lines  in  Si 
is  very  puzzling.  At  or  below  room  temperature,  free  or 
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nearly  free  H2  molecules  have  well-separated  rotational 
states  and  only  /  —  0  and  j  =  1  are  occupied.  The  latter 
is  odd  and  three  even  combinations  of  spins  are  allowed: 
T  T  *  Ti  +  IT.or  II  -  The  former  is  even,  implying  that 
an  odd  combination  of  nuclear  spins  is  realized: 
T  I  —  X  T -  This  results  in  the  well-known  o- H2  and  p- H2 
lines  with  3 :  1  intensity  ratio.  These  lines  are  clearly 
visible  in  the  case  of  H2  in  GaAs  but  not  in  Si.  This  can 
be  explained  in  one  of  the  two  ways:  (1)  a  hindering 
potential  mixes  the  rotational  /-states,  a  possibility 
suggested  by  Stoneham  [18],  and  (2)  the  molecule  is 
nearly  free  and  some  efficient  mechanism  flips  the  proton 
spins.  Ortho-to-para  transitions  are  typically  induced  by 
magnetic  field  gradients.  Our  MD  simulations  and  the 
calculations  of  other  authors  suggest  that  H>  in  Si  is  a 
nearly  free  rotator,  and  dynamic  runs  show  that  the 


Fig.  1.  Calculated  vibrational  frequencies  of  free  H2.  HD.  and 
D2  from  the  i— r  autocorrelation  function.  This  is  a  12,000 
time-steps  run  at  30  K.  The  gas  phase  measured  values  arc  41 61 . 
3632.  and  2994  cm  '.  respectively.  Note  that  the  calculated 
values  are  within  0. 2-1.2%  of  the  measured  ones  and  that  the 
isotope  substitutions  show  the  observed  anharmonic  shifts. 


Fig.  2.  The  two  configurations  of  H2  near  O,  in  Si.  The  most  stable 
right,  with  0.19eV. 


molecule  moves  extremely  fast  within  its  tetrahedral 
cage.  Thus,  we  consider  the  latter  possibility.  The  rapid 
motion  of  H2  implies  that  it  will  experience  a  magnetic 
field  gradient  provided  that  a  magnetic  moment  is 
nearby. 

We  reject  2ySi,  the  only  Si  isotope  with  a  nuclear  spin, 
as  it  is  less  than  5%  abundant  and  has  a  very  small 
magnetic  moment:  the  ortho-to-para  transition  would 
require  very  long  times.  Raman  spectra  of  samples  kept 
at  room  temperature  for  two  years  after  the  plasma 
exposure  still  show'  the  H2  line  w'ith  no  ortho/para 
splitting  [19],  Months  of  interactions  of  H2  with  2ySi 
have  failed  to  establish  a  Boltzman  distribution  of  o- H2 
and  /?-H2.  We  also  reject  interactions  between  nearby  o- 
H:  molecules  during  the  quench.  Such  interactions  result 
[20]  in  ortho-to-para  transitions  in  a-Si:H,  but  the 
measured  rate  constant  0.01  h  1  is  far  too  low  to  explain 
the  c-Si  data.  Further,  no  magnetic  impurity  is  present  in 
sufficient  concentration  in  all  the  Si  samples  in  which  H-. 
has  been  observed,  except  hydrogen  itself.  We  are  thus 
led  to  propose  that  paramagnetic  hydrogen,  with  a 
magnetic  moment  arising  from  an  electronic  spin 
( ~  2000  times  larger  than  a  nuclear  moment),  is  the 
culprit. 

Hydrogen  penetrates  into  Si  in  atomic  form.  This  is 
obvious  in  plasma-exposed  samples  [8].  In  samples 
hydrogenated  in  a  gas  at  high  temperatures,  the 
concentration  of  hydrogen  varies  roughly  as  the  square 
root  of  the  gas  partial  pressure  [21].  Thus,  H2  dissociates 
at  the  surface,  H  penetrates  into  the  crystal  in  atomic 
form,  and  interstitial  H2  molecules  form  during  the 
quench  starting  with  atomic  hydrogen,  that  is  any 
combination  of  H,J( ,  H”4r,  Hj,  and/or  Hf. 

We  rule  out  the  interactions  between  identically 
charged  species  since  they  involve  a  long-range  repul¬ 
sion.  In  p-type  material,  H|Jc  is  most  likely  to  trap  at  ET 
and  form  {H.  B]  pairs,  which  are  observed.  is  a  very 


is  at  left,  with  0.36  cV  binding  energy,  and  a  metastable  one  at 
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strong  IR  center  which  is  never  seen  in  the  samples 
containing  H2.  We  also  rule  out  the  process  HBC  +  Hf  -> 
H2  because  this  would  necessarily  lead  to  the  formation 
of  some  H2,  the  IR  intensity  of  which  is  very  much  larger 
than  that  of  H2.  Even  tiny  amounts  of  H2  would  be 
clearly  visible  in  the  spectra.  For  this  reason,  any  H2 
formation  process  involving  HBc  can  be  ruled  out.  Thus, 
we  are  left  with  Ht  +  Ht~>H2.  The  metastable  H° 
species  is  not  present  in  any  meaningful  concentration  in 
equilibrium.  However,  its  contribution  during  the 
dynamic  process  while  H2  molecules  form,  cannot  be 
ruled  out.  There  is  indirect  evidence  [22,23]  that  Ht 
diffuses  extremely  fast.  Our  calculations  of  its  activation 
energy  for  diffusion,  0.06-0.1 5  eV  (to  be  corrected 
downward  by  the  zero-point  energy)  makes  it  an 
extremely  mobile  species. 

As  HjS  precipitate  during  the  quench,  most  form  H2 
molecules,  but  some  fail  to  find  a  partner.  They  diffuse 
very  rapidly  in  the  crystal,  trapping  momentarily  at  H2s 
(see  the  binding  energies  above),  thus  generating  large 
magnetic  field  gradients  at  H2  (because  of  the  rapid 
motion  of  both  H2  and  H°)  or  even  forcing  exchanges 
Hj  +  H2-»-H2  +  Ht.  This  would  not  lead  to  stable  tri¬ 
hydrogen  complexes  but  would  induce  ortho-to-para 
transitions  very  efficiently.  Estimating  a  rate  for  such 
interactions  is  tricky.  The  rate  is  proportional  to  the 
concentrations  of  o- H2  and  Hj,  the  diffusivity  of  Hy, 
and  some  capture  radius.  In  the  Raman  studies, 
concentrations  are  of  the  order  of  10i:>cm  3,  1000 
higher  than  in  the  IR  studies.  The  diffusivity  of  Ht  is 
unknown,  but  the  estimated  [22,23]  25  orders  of 
magnitudes  (!)  above  that  of  HBc  at  low  temperatures 
suggest  that  any  number  is  possible. 
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Abstract 

A  Raman  study  of  hydrogen  stretching  modes  in  vacancy-hydrogen  defects  (VH„,  n  =  1,2, 3, 4)  is  presented.  The 
positions  of  the  vibrational  modes  are  compared  to  recent  1R  absorption  results.  The  Raman  lines  exhibit  pronounced 
polarization  due  to  the  <(111)  orientation  of  the  silicon-hydrogen  bond.  Based  on  the  defect  symmetry  derived  from 
the  polarization  dependent  Raman  signals  we  assign  the  Raman  lines  measured  at  room  temperature  to  the  following 
defects:  VH4:  2234  cm"1  (Aj  mode),  2205  cm"1  (T:  mode):  V2H6:  2180  cm"1  (Alg  mode),  2155  cm"1  (Eg  mode).  We 
tentatively  attribute  the  2120-  and  2099-cm"1  lines  to  VH:  and  the  2022-cm"1  line  to  VH.  Tj  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Silicon:  Hydrogen;  Vacancy;  Raman  scattering 


1.  Introduction 

Hydrogen-related  defects  in  silicon  have  been  inves¬ 
tigated  extensively  for  the  last  two  decades  [1,2].  A 
model  for  the  vacancy-hydrogen  defects  consisting  of  a 
single  vacancy  and  up  to  four  hydrogen  atoms  (VH„ 
with  /j-1,2,  3,4)  was  developed,  based  on  EPR, 
infrared  absorption,  and  DLTS  measurements,  as  well 
as  on  theoretical  studies  [3-14]. 

First  Raman  measurements  on  hydrogen-related 
defects  in  silicon  were  made  on  remote  plasma  hydro¬ 
genated  samples  [15].  A  few  Raman  bands  in  the  region 
2000-2200  0111"'  were  found  and  interpreted  as  hydro- 
gen-related  stretching  modes  of  an  extended  defect 
called  platelet.  In  this  work  we  report  on  a  Raman 
spectroscopy  study  of  proton-implanted  silicon.  In  our 
study,  we  are  able  to  identify  local  vibrational  modes 
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(LVMs)  of  different  VH„  defects.  Due  to  the  selection 
rules,  Raman  spectroscopy  gives  a  possibility  to  probe 
LVMs,  which  are  not  active  in  infrared  absorption,  and, 
which  in  combination  with  IR  absorption  and  EPR 
studies  allow  us  to  better  model  the  properties  of  the 
hydrogen-related  defects  in  silicon. 


2.  Experimental 

Silicon  samples  used  in  this  study  were  n-type, 
phosphorus-doped.  Cz  (1  00)-wafers  with  resistivity  of 
either  2  or  0.75  Q  cm.  Implantation  doses  varied  from 
1  x  1016  to  2.5  x  1016  cm"2.  In  order  to  study  the 
thermal  stability  of  the  Raman  lines  a  few  samples  were 
then  annealed  at  400  C  in  air.  The  annealing  time  varied 
from  2  min  to  1 1  h. 

The  details  of  the  Raman  setup  are  described 
elsewhere  [16].  Polarized  Raman  spectra  were  collected 
in  a  pscudobackscattering  geometry.  The  polarization 
geometry  is  defined  with  respect  to  the  sample  surface 
(1  00):  the  .v,  r,  and  i  axes  are  parallel  to  [I  00].  [0  1  0]. 
and  [0  01],  while  r'  and  z'  axes  are  parallel  to  [0  1  1],  and 
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[Oil].  In  the  notation  {a[b,c]d},a(d)  refers  to  the 
propagation  vector  of  the  incident  (scattered)  light, 
while  b(c)  refers  to  the  polarization  vector  of  the  incident 
(scattered)  light. 

3.  Results  and  discussion 

Fig.  1  shows  typical  room  temperature  Raman  spectra 
measured  on  the  hydrogen-implanted  silicon:  Label  (a) 
refers  to  the  as-implanted  sample  and  (b)  to  the  sample 
annealed  at  400°C.  The  implantation  gives  rise  to  a 
number  of  Raman  lines  in  the  range  of  1900-2250  cm-1, 
which  are  characteristic  of  Si-H  stretch  LVMs.  Indeed, 
in  the  deuterium-implanted  sample,  all  these  lines  shift 
downwards  in  frequency  by  approximately  a  factor  of 
a/2,  which  proves  that  these  are  LVMs  of  hydrogen- 
related  defects.  The  most  prominent  lines  in  the 
spectrum  of  the  as-implanted  sample  are  those  at  1923, 
1980,  2022,  2060,  2120,  2180,  and  2234  cm'1  as  well  as  a 
broad  band  centered  at  ~2000  cm'1  .  As  can  be  seen 
from  Fig.  1(b),  annealing  at  400°C  removes  the  lines  at 
1923,  1980,  2022,  and  2060  cm"'  from  the  spectrum  and 
makes  those  at  2180  and  2234  cm'1  much  stronger. 

Careful  investigation  of  the  spectra  shows  that  the 
lines  at  2234,  2180,  and  2120  have  weak  satellites  located 
at  2205,  2155,  and  2099  cm"1,  respectively  (see  the  inset 
in  Fig.  1).  Relative  intensities  within  each  pair  of  these 
lines  do  not  depend  on  the  sample,  implantation  dose,  as 
well  as  annealing  temperature.  Based  on  these  findings 
we  identify  each  pair  of  the  lines  as  LVMs  originating 
from  the  same  defect. 

Polarized  Raman  spectra  measured  on  the  sample 
annealed  at  400°C  and  the  as-implanted  sample  are 
presented  in  Figs.  2  and  3,  respectively.  As  one  can  see, 
all  Raman  lines  have  maximum  intensity  in  the 
{x[z',z']; c}  geometry,  whereas  in  the  {x[z\y']x}  geometry 
they  are  very  weak  or  nearly  absent.  This  result  may  be 


Fig.  1.  Raman  spectra  measured  at  room  temperature  on  the 
Ht -implanted  sample:  (a)  as-implanted  sample  and  (b)  after 
annealing  at  400°C  for  2  min.  Spectra  are  offset  vertically  for 
clarity. 


Fig.  2.  Polarization  Raman  spectra  measured  at  room  tem¬ 
perature  on  the  Hj  -implanted  sample  after  annealing  at  400°C 
for  2  min.  Polarization  geometry  is  defined  with  respect  to  the 
sample  normal  [1  0  0].  Spectra  are  offset  vertically  for  clarity. 


Fig.  3.  Polarization  Raman  spectra  measured  at  room  tem¬ 
perature  on  the  H J-as-implanted  sample.  Polarization  geome¬ 
try  is  defined  with  respect  to  the  sample  normal  [1  0  0].  Spectra 
are  offset  vertically  for  clarity. 

understood  if  we  assume  that  the  majority  of  the  defects 
responsible  for  these  Raman  lines  are  vacancy-hydrogen 
complexes.  Si-H  bonds  comprising  these  defects  point 
almost  in  the  <  1  1  1  >  direction.  Because  LVMs  spectro¬ 
scopy  probes  the  local  trigonal  symmetry  of  the  Si-H 
bonds,  this  implies,  according  to  the  selection  rules, 
maximal  intensity  in  the  { x[z',z']x }  and  zero  intensity  in 
the  {x[z',y']x}  geometry  [17].  Let  us  now  discuss  the 
individual  properties  of  the  Raman  lines. 

3.1.  2205 -  and  2234- cm-1  lines 

The  two  lines  have  the  highest  frequencies  of  all 
hydrogen-related  Raman  modes  in  our  samples.  The 
defect  responsible  for  them  is  stable  up  to  400°C.  At 
10  K,  the  position  of  the  2205-cm"1  line  (2223  cm"1) 
coincides  with  that  of  the  T2  mode  of  VH4,  whereas  the 
frequency  of  the  2257-cm"1  line  coincides  with  that 
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predicted  for  the  infrared  inactive  Aj  mode  of  VH4  [12]. 
It  follows  from  the  polarized  spectra  (see  Fig.  2)  that  the 
intensity  of  the  2234-cm"1  line  is  maximum  in  the 
{•*[“\  r'].v}  and  {.v[r,  r].v}  geometries  and  equals  zero  in 
the  {x[z\  v'].v}  and  {.v[r,  v].v}  geometries,  whereas  in¬ 
tensity  of  the  2205-cirr1  line  is  maximum  in  the 
{.x[z\  and  {.v[r,y].v}  geometries  and  equals  zero  in 
the  {.v[r',  v'].v}  and  {.v[c,  z]x}  geometries.  According  to 
the  selection  rules  for  polarized  Raman  scattering,  these 
properties  are  characteristic  for  the  A]  and  T:  modes  of 
a  cubic  defect  [1 7].  Based  on  this  we  assign  the  2205-  and 
2234-cm"1  lines  to  the  T:  and  A|  modes  of  VH4. 

3.2.  2155  ami  2180- cm-1  lines 

The  defect  responsible  for  the  two  lines  is  stable  up  to 
400  C.  At  10  K  the  2155-  and  2180-cm"1  lines  shift 
upwards  in  frequency  to  2165  and  2190  cm"1,  respec¬ 
tively,  which  is  very  close  to  the  infrared  absorption  lines 
previously  assigned  to  the  E  and  A  modes  of  V2Hr>  [18]. 
Polarization  properties  of  the  2155-  and  2180-cm"1  lines 
give  support  for  the  identification  of  the  two  lines  as 
LVMs  of  V:H6  (see  Fig.  2):  Intensity  of  the  2180-cnT1 
line  is  maximum  in  the  {.v[r',  z']x}  geometry  and  is 
reduced  by  more  than  95%  in  the  {.v[r',y'].Y}  geometry, 
whereas  the  2155-cm"1  line  is  most  intense  in  the 
{.v[r\r'].v}  and  {.v[r,  v].vj  geometries  and  is  much  weaker 
in  the  {.v[r',  v'].v}  and  {.v[r,  z]x)  geometries.  This  is  what 
is  expected  for  the  A  and  E  modes  of  a  trigonal  defect. 

The  point  group  of  V2H6  is  Djj,  which  implies  that 
such  a  defect  should  possess  four  LVMs,  labeled  A]o,  Eg, 
A2u,  and  Eu.  The  ungerade  modes  A;»u  and  Eu  are  active 
in  infrared  absorption,  whereas  the  gerade  modes  Alu 
and  Ej,  are  active  in  Raman  scattering.  The  fact  that  the 
frequencies  of  the  modes  detected  in  Raman  spectro¬ 
scopy  and  infrared  absorption  are  very  close  is 
consistent  with  our  expectations.  The  repulsion  between 
hydrogen  atoms  residing  in  the  same  vacancy  is 
substantial  and  gives  the  dominant  contribution  to  the 
~25  cm"1  splitting  between  the  E  and  A  modes  (gerade 
and  ungerade).  However,  the  repulsion  betw-een  two 
hydrogen  atoms  in  two  different  vacancies  will  be  much 
less  due  to  the  substantial  large  separation  distance 
between  the  hydrogen  atoms.  The  splitting  between  the 
gerade  and  the  ungerade  modes  originates  from  the 
interaction  between  hydrogen  atoms  in  different  vacan¬ 
cies.  Hence,  a  small  splitting  is  expected  in  accordance 
with  our  observations. 

3.3.  2099  and  2J20-cm~]  lines 

The  defect  responsible  for  the  two  lines  is  stable  up  to 
400  C.  At  10  K  the  2099-  and  2120-cm"1  lines  shift 
upwards  in  frequency  to  2121  and  2144  cm"1,  respec¬ 
tively,  which  coincide,  within  the  accuracy  of  our  setup, 
with  the  infrared  absorption  lines  previously  assigned  to 


the  B|  and  A|  modes  of  VH2  [8,12].  Unfortunately, 
rather  weak  intensities  of  the  two  lines  in  our  polarized 
Raman  spectra  did  not  allow  to  determine  the  symmetry 
of  the  defect.  However,  our  data  (see  Fig.  2)  do  not 
contradict  the  C2\  (orthorhombic  I)  point  group 
expected  for  VH2.  Therefore,  it  would  be  quite  tempting 
to  identify  the  2099-  and  2120-cm"1  lines  as  LVMs  of 
VH2.  However,  thermal  stability  of  the  defect  is  not  in 
favor  of  this  assignment:  According  to  the  FTIR 
absorption  data  [8,12],  VH2  decays  at  temperatures 
above  250  C,  w'hile  the  2099-  and  2120-cm"1  lines  are 
present  in  the  spectra  after  annealing  at  400'C.  Never¬ 
theless,  direct  comparison  with  the  FTIR  data  should  be 
made  with  some  care,  because  the  doses  employed  in 
FTIR  absorption  studies  were  at  least  one  order  of 
magnitude  less  compared  to  ours,  w'hich  may  give  a 
difference  in  thermal  stability  of  the  defect.  Another 
explanation  of  the  discrepancy  in  thermal  stability  of  the 
2099-  and  2120-cm"1  lines  and  that  of  VH:  could  be  that 
the  defect  responsible  for  these  lines  is  VH2  perturbed  by 
VH„  (//  =  1,2,3)  [19].  Thus,  both  FTIR  absorption  and 
Raman  scattering  measurements  made  on  the  same 
sample  are  needed  to  investigate  whether  the  two  lines 
originate  from  VH2.  Therefore,  at  this  stage.  we  can  only 
tentatively  assign  the  2099-  and  2120-cm"1  lines  to  the 
LVMs  of  VH2. 

3.4.  2022- cm"1  line 

The  defect  responsible  for  this  line  decays  at  400 ?C. 
Position  of  the  2022-cm"1  line  in  the  spectra  measured  at 
10  K  (2038  cm"1)  coincides  with  the  infrared  absorp¬ 
tion  line  tentatively  assigned  to  a  LVM  of  VH°  [20].  Our 
polarization  Raman  measurements  give  support  to  this 
assignment  (see  Fig.  3):  The  2022-cm"1  line  is  most 
intense  in  the  {.v[r',  r'J.v]  geometry  and  is  reduced  by 
more  than  95%  in  the  {.v[r',  v'].v}  geometry,  wrhich 
suggests  the  A  mode  of  a  trigonal  defect. 

4.  Summary 

Hydrogen-implanted  silicon  was  studied  by  Raman 
scattering  spectroscopy.  From  polarization  of  Raman 
lines  in  correlation  with  previous  IR  absorption  studies 
and  isotope  substitution  experiments  the  pairs  of  Raman 
lines  at  2234,  2205  and  2180,  2155  cm"1  were  assigned  to 
the  LVMs  of  VH4  and  V2Hf,,  respectively.  We  give  a 
tentative  assignment  for  the  2120-  and  2099-cm"1  lines  as 
LVMs  of  VH2  and  the  2022-cm"1  line  as  LVM  of  VH. 
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Abstract 

Hydrogen  interaction  with  the  radiation  defects  is  studied  by  the  DLTS  and  MCTS  techniques.  Hydrogenation  was 
carried  out  during  wet  chemical  etching  in  acid  solutions  and  following  reverse  bias  annealing  at  380  K.  The  levels 
H4  =  E,  +  0.28  eV  and  E4  =  £c-0.3l  eV  are  formed  as  a  result  of  the  hydrogenation  in  all  samples  irradiated  with 
electrons  at  room  temperature.  The  levels  are  not  found  in  irradiated  samples  which  were  annealed  at  630-650  K  before 
the  hydrogenation.  Another  prominent  level  H3  =  E,  +0.51  eV  is  introduced  by  hydrogenation  of  as-irradiated  float- 
zone  silicon.  Czochralski  samples  have  to  be  annealed  at  450 K  before  hydrogenation  to  form  the  H3  level  The  H3 
center  is  not  formed  in  the  samples  annealed  at  ~650K  before  hydrogenation.  The  nature  of  the  hydroaen-related 
centers  is  discussed.  (O  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Hydrogen:  Radiation  defects 


1.  Introduction 

In  spite  of  many  years  of  investigations,  little  is  known 
about  the  complexes  formed  due  to  room-temperature 
hydrogenation  of  radiation-induced  defects  in  silicon.  In 
fact,  only  the  VOH  complex  with  the  acceptor  level  at 
E4  =  £c  -  0.31  eV  has  been  studied  in  detail  [1-3], 
including  the  tentative  microscopic  identification  by 
the  EPR  technique  [4].  Another  prominent  level 
H4  =  Ey  +  0.28  eV  resulted  from  hydrogenation  of 
irradiated  Czochralski-grown  silicon,  has  been  ascribed 
to  the  COH  complex  based  on  a  one-to-one  correlation 
between  the  formation  of  this  level  and  the  CjOj 
complex  passivation  during  reverse-bias  annealing 
(RBA)  at  380  K  [5].  However,  this  assignment  is  not 
favored  by  the  level  structure  of  COH  predicted  by 
recent  calculations  [6].  Therefore,  to  gain  further  insight 
in  the  nature  of  the  centers  formed  by  hydrogenation  of 
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irradiated  silicon,  we  have  studied  silicon  crystals  with 
different  content  of  the  background  impurities  (O,  C), 
paying  special  attention  to  the  annealing  kinetics  of 
precursors  of  the  hydrogen-related  centers. 


2.  Experimental 

Experiments  were  carried  out  on  p-type  silicon 
crystals  grown  by  the  Czochralski  (Cz)  and  floating 
zone  (FZ)  method  with  boron  concentrations  (0.6  to 
1 5)  x  10  cm  \  The  samples  were  irradiated  with 
6  MeV  electrons  at  room  temperature.  Hydrogen  was 
incorporated  into  crystals  during  wet  chemical  etching 
(WCE)  in  acid  solution  (HF :  HNOy  =  1  :  7).  The  reverse- 
bias  annealing  (RBA)  at  380  K  was  used  to  move 
hydrogen  deeper  into  the  crystals  [7]. 

The  semitransparent  aluminum  Schottky  contacts 
were  evaporated  to  allow  standard  DLTS  and  minority 
carrier  transient  spectroscopy  (MCTS)  measurements. 
However,  the  amplitudes  of  the  MCTS  peaks  did  not 
reflect  the  minority  carrier  trap  concentration  due  to  the 
front-side  excitation. 
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3.  Results  and  discussion 

The  effect  of  hydrogenation  on  the  deep-level 
spectrum  of  irradiated  p-type  FZ  silicon  is  demonstrated 
in  Fig.  1.  The  DLTS  peaks  of  the  major  radiation 
defects,  CSQ,  divacancy  (V2),  and  QOi,  decrease,  while 
two  novel  peaks,  H4  and  H3  =  EV  +  0.51  eV,  arise  in  the 
hydrogenated  region.  It  is  seen  in  Fig.  1  and  is  confirmed 
by  detailed  depth  profile  measurements  in  FZ  crystals 
that  the  concentration  of  the  H4  centers  can  exceed  the 
initial  (before  hydrogenation)  concentration  of  the  QOj 
complexes.  This  result  rules  out  QOj  as  a  precursor  of 
the  H4  level.  In  addition,  the  H3  level,  which  was  not 
detected  after  a  similar  treatment  in  Cz-Si  [5],  is 
prominent  in  the  FZ  crystals. 

To  learn  more  about  the  precursors  of  the  H4  and  H3 
centers,  the  irradiated  samples  were  subjected  to  thermal 
annealing  in  the  temperature  range  400-650  K.  Two 
examples  of  the  DLTS  and  MCTS  spectra  measured  on 
the  annealed  samples  before  and  after  hydrogenation  are 
displayed  in  Fig.  2.  Annealing  at  570  K  (Figs.  2a  and  b) 
produces  significant  changes  in  the  deep-level  spectrum. 
The  peaks  related  to  the  QQ  complex  (not  shown)  and 
divacancy  disappear,  while  the  center  identified  earlier  as 
the  BjCs  pair  [8]  is  formed  in  significant  concentrations. 
Nevertheless,  the  H4  and  H3  centers  are  still  formed 
after  hydrogenation.  The  signature  of  the  VO  center  is 
seen  in  the  MCTS  spectrum,  and  the  E4  level  also 
appears  after  hydrogenation.  Annealing  at  higher 
temperatures  (Fig.  2c  and  d)  destroys  the  VO  complex 
too.  Neither  H4  nor  E4  levels  are  detected  in  such 
samples  after  hydrogenation,  while  H3  remains  to  be  the 
dominant  feature  in  the  hydrogenated  region. 

A  similar  picture  is  observed  in  Cz-Si.  Pre-annealing 
of  the  VO  centers  prevents  both  E4  and  H4  level 


Temperature  (K) 

Fig.  1.  DLTS  spectra  in  p-type  irradiated  FZ-Si 
([B]  =  2  x  1015cm-3)  before  (dashed  curve)  and  after  (solid 
curve)  hydrogenation.  Rate  window  ep  =  52  s-1. 


Temperature  (K) 


Fig.  2.  MCTS  (a,c)  and  DLTS  (b,d)  spectra  measured  in  the 
FZ-Si  pre-annealed  at  (a,b)  570  K  and  (c,d)  620  K  before  (dash 
curves)  and  after  (solid  curves)  hydrogenation. 


formation.  The  H3  level,  which  is  not  formed  in  as- 
irradiated  Cz-Si,  arises  like  in  FZ-Si  if  the  samples  are 
annealed  before  the  hydrogenation  at  ~450K.  The 
precursor  of  H3  is  less  stable  in  Cz-Si,  and  the  H3 
centers  are  not  formed  in  Cz-Si  after  pre-annealing  at 
~600K. 

The  H4  center  is  formed  both  in  Cz  and  FZ  irradiated 
crystals  due  to  subsequent  hydrogenation,  as  well  as 
during  proton  implantation.  On  the  other  hand,  the  H4 
concentration  is  very  low  after  irradiation  of  pre¬ 
hydrogenated  silicon.  This  indicates  that  the  most 
probable  mechanism  of  its  formation  is  an  addition  of 
the  hydrogen  atom  to  a  stable  radiation  defect.  This 
precursor  apparently  does  not  contain  shallow  dopants, 
because  H4  is  created  both  in  n-  and  p-type  silicon  in 
similar  concentrations.  The  H4  center  forms  at  higher 
concentrations  than  the  V2,  QQ,  and  QOj  complexes. 
Only  one  electrically  active  stable  radiation  defect,  VO, 
could  be  considered  as  the  H4  precursor,  which  is 
consistent  with  the  annealing  data  in  Fig.  2.  Taking  into 
account  that  the  H4  formation  kinetics  indicate  that  the 
center  contains  only  one  hydrogen  atom  [9],  one  can 
assume  that  H4  is  a  second  level  of  the  VOH  complex. 
This  assignment  is  supported  by  a  similar  annealing 
kinetics  of  the  VOH  and  H4  levels  [10].  Another 
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possibility,  which  should  be  discussed,  is  the  formation 
of  H4  by  hydrogenation  of  an  electrically  inactive 
radiation-induced  defect  with  the  annealing  temperature 
close  to  that  of  the  VO  centers. 

The  H3  center  was  reported  in  room-temperature 
proton  implanted  p-type  silicon  with  different  contents 
of  background  impurities  (Cz.  FZ.  and  epitatial  crystals) 
[11].  Our  measurements  show  that  the  center  can  also  be 
formed  due  to  hydrogenation  of  the  samples  contained 
only  stable  radiation  defects.  We  find  that  the  H3 
concentration  is  relatively  high  in  the  crystals  with 
higher  boron  doping,  but  the  centers  are  not  detected  in 
hydrogenated  Al-doped  samples,  evidencing  the  boron- 
related  nature  of  the  H3  complex.  This  conclusion  is 
supported  by  formation  of  the  H3  precursor  in 
irradiated  Cz-Si  after  annealing  at  450  K,  which 
destroys  the  abundant  B,Oi  complexes  in  Cz-Si.  The 
boron-related  precursor  still  escapes  detection  with 
electrical  methods.  However,  the  existence  of  a  latent 
source  of  interstitial  boron  atoms  in  irradiated  silicon  is 
confirmed  by  the  annealing-induced  formation  of  the 
BjCs  pairs  in  FZ-Si  (Fig.  2),  where  the  BjOj  complexes 
are  not  detected. 


4.  Conclusion 

Using  the  DLTS  and  MCTS  technique,  we  have 
studied  precursors  of  the  prominent  hydrogen-related 
H4  =  £v  -f  0.28  eV  and  H3  =  £v  -f  0.51  eV  centers  in 
irradiated  p-type  silicon.  Comparison  of  the  defect 
concentrations  shows  that  among  the  stable  electrically 
active  complexes,  only  the  VO  center  could  be  the 
precursor  of  the  H4  level.  This  assumption  is  consistent 
with  the  annealing  temperature  of  the  H4  precursor.  The 


H3  center  is  a  boron-  and  hydrogen-related  complex 
with  the  precursor  which  anneals  out  at  600-650  K. 
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Abstract 

The  depth  profiles  of  boron-hydrogen  pairs  formed  in  Si  crystals  by  wet  chemical  etching  (WCE)  are  calculated.  The 
evolution  of  boron-hydrogen  pair  distribution  after  WCE  is  observed.  The  fits  to  the  experimental  profiles  allow  to  estimate 
the  hydrogen  diffusivity  at  room  temperature  as  DH  -  2.4  x  10-10  cm2/s.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Wet  chemical  etching  (WCE)  is  used  for  hydrogen 
introduction  into  silicon  to  study  the  interaction  of 
hydrogen  with  shallow  and  deep  level  defects  [1-5].  The 
hydrogen  diffusivity  Du  at  room  temperature  extracted 
from  the  WCE  experiments  [1,3]  was  found  to  be  much 
higher  than  that  extrapolated  from  the  high-temperature 
(1 000-1 200°C)  permeation  study  [6].  In  these  experi¬ 
ments,  Du  was  estimated  under  the  assumption  that  the 
measured  profiles  of  hydrogen-related  defects  were 
formed  directly  during  WCE.  Calculations  of  the 
boron-hydrogen  profiles  after  WCE  [7]  showed  that 
under  this  assumption  a  proper  fit  of  measured  profiles 
was  possible  for  high  hydrogen  diffusivity  (Du  >  2x 
10-9  cm2/s).  However,  reasonable  fits  were  also  reported 
[7]  for  Du  =  8  x  10”n  cm2/s  (the  expected  room  tem¬ 
perature  value  from  the  literature  [6]),  with  the 
additional  assumption  of  a  high  enough  free  hydrogen 
concentration  during  WCE.  The  decay  of  the  free 
hydrogen  concentration  after  WCE  leads  to  an  apparent 
transient  diffusion.  Therefore,  the  problem  of  Du 
evaluation  from  WCE  experiments  is  closely  associated 
with  the  question  about  the  hydrogen  concentration 
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near  the  surface  during  WCE  and  about  the  effect  of 
hydrogen  transient  diffusion.  To  overcome  this  problem 
some  additional  information  about  the  hydrogen  con¬ 
centration  in  the  near-surface  layer  is  necessary,  which 
can  be  obtained  from  the  evolution  of  the  hydrogen- 
boron  pair  profile. 

In  the  present  work,  the  transient  diffusion  of 
hydrogen  is  experimentally  detected  in  low  doped  p-Si 
crystals,  and  the  hydrogen  diffusivity  at  WCE  tempera¬ 
ture  is  estimated. 


2.  Experimental 

The  experiments  were  carried  out  on  floating  zone 
(FZ)  grown  p-type  Si  wafers  doped  with  boron  to  a 
concentration  of  4  x  1013cm-3.  To  introduce  hydrogen, 
the  samples  were  etched  in  an  acid  mixture 
(HF :  HN03  =  1:7),  the  etching  rate  was  2- 
4  x  10-6cm/s.  The  Schottky  diodes  of  3  mm  in  diameter 
were  formed  by  thermal  evaporation  of  A1  on  the  freshly 
etched  surface.  The  ohmic  contacts  were  made  by 
scratching  an  Al-Ga  alloy  onto  the  back  surface  of  the 
samples.  The  profiles  of  the  neutral  hydrogen-boron 
pairs  formed  due  to  hydrogen-boron  interaction  were 
determined  as  a  deficiency  of  electrically  active  boron 
concentration  measured  by  the  capacitance-voltage 
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(C~V)  method.  To  observe  the  hydrogen  transient 
diffusion,  the  time  between  WCE  and  measurements 
was  decreased  to  be  as  small  as  possible.  The  minimum 
time  necessary  to  prepare  the  Schottky  barriers  and 
ohmic  contacts  and  to  start  the  C-V  measurements  was 
about  18  min. 


3.  Simulation  of  hydrogen  penetration 


The  calculations  of  the  distribution  of  hydrogen  and 
hydrogen-related  centers  are  carried  out  under  the 
assumption  that  boron  is  the  most  efficient  hydrogen 
trap.  The  electric  field  effect  due  to  boron  passivation  is 
included  in  the  calculations.  The  following  system 
describing  the  hydrogen  transport  is  solved  numerically: 


cD\\  6 
kT 


H 

t 


Depth  (pm) 

Fig.  1.  Carrier  concentration  profiles  measured  18  (triangles) 
and  30 min  (circles)  after  WCE.  The  corresponding  profiles 
calculated  with  D\\  -  2.4  x  10  l0cnr/s  are  shown  by  solid 
lines. 


4.  Experimental  results  and  discussion 


a t  or  I  Nliu  U} 

with  the  boundary  condition 

=  const,  (la) 

r-0 

where  H  is  the  hydrogen  concentration,  r  the  depth  from 
the  etched  surface,  V  the  etching  rate.  <p  the  electrostatic 
potential  determined  by  the  non-uniform  boron  passiva¬ 
tion,  yVBoand  AB  the  boron  concentrations  before  and 
after  WCE.  respectively,  r  =  (4jcD,ii,b^bi,)_1,  rH  the 
radius  for  hydrogen  capture  by  boron  atoms  and  F{)  the 
hydrogen  flowr  through  the  surface.  The  term  including 
V  describes  the  effect  of  moving  crystal  surface  during 
WCE.  Hydrogen  transport  after  etching  is  simulated  by 
the  same  equations  with  V  =  0  and  F{i  =  0. 

In  accordance  with  Ref.  [7],  the  simulation  shows  that 
the  final  hydrogen-related  defect  profiles  formed  during 
WCE  and  subsequent  hydrogen  transient  diffusion  are 
controlled  both  by  D\\  and  F{)  and  it  is  practically 
impossible  to  obtain  these  values  separately  by  fitting 
one  experimental  profile  only.  However,  taking  into 
account  that  the  evolution  of  the  profiles  is  determined 
by  the  amount  of  free  hydrogen  available  after  etching,  a 
fit  to  several  profiles  measured  at  different  times  after 
WCE  allows  one  to  get  a  more  reliable  Du  estimation. 
The  simulations  show  a  more  pronounced  relaxation  of 
the  hydrogen  distribution  with  longer  duration  in  low 
doped  crystals.  In  accordance  with  this  prediction,  we 
measure  the  hydrogen  transient  diffusion  after  WCE  on 
low  doped  p-type  Si  wafers. 


The  typical  charge  carrier  concentration  profiles  in  p- 
type  Si  measured  18  and  30  min  after  WCE  are  presented 
in  Fig.  1 .  Boron  is  passivated  near  the  surface,  and  in  the 
bulk  the  charge  carrier  concentration  approaches  the 
initial  boron  concentration.  A  longer  storage  time  after 
WCE  leads  to  boron  passivation  at  larger  depth,  and  in 
30-40  min  after  WCE  the  boron  profile  is  found  to  reach 
its  final  form.  The  change  of  the  charge  carrier  profile 
with  the  storage  time  indicates  the  existence  of  free 
hydrogen  (or  some  unstable  hydrogen-related  com¬ 
plexes)  in  the  near-surface  layers  after  WCE.  In  the 
simulation,  we  assume  that  hydrogen  does  not  out- 
diffuse  and  that  the  effect  of  the  Schottky  barrier  on 
hydrogen  transport  can  be  neglected.  The  fits  to  the 
experimental  profiles  are  also  presented  in  Fig.  1.  The 
profiles  were  calculated  with  Z)H  ==  2.4  x  10~  ,0cm2/s, 
which  correlates  well  with  the  value  extrapolated  from 
high-temperature  diffusion  studies  [6].  A  decrease  of  Z)H 
leads  to  an  increased  difference  between  the  two 
simulated  profiles  and  to  an  increase  of  time  necessary 
to  reach  the  stable  position.  On  contrary,  an  increase  of 
A i  leads  to  a  decrease  of  the  difference  between  the 
profiles. 


5.  Conclusion 

Hydrogen  penetration  into  p-type  Si  under  WCE  and 
subsequent  transient  diffusion  was  measured  and  the 
profiles  were  analysed.  It  is  found  that  the  measured 
final  hydrogen-boron  pair  profiles  can  be  well  fitted  with 
Du  varying  in  a  wide  range  under  the  assumption  of  a 
rather  high  free  hydrogen  concentration  during  WCE. 
The  measurement  of  profile  evolution  allows  one  to 
determine  the  diffusivity  Du  at  room  temperature. 
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Abstract 

We  studied  complexes  generated  by  electron-irradiation  of  CZ-Si  crystals  pre-doped  with  hydrogen  (H)  from  the 
measurements  of  optical  absorption  spectra.  Specimens  were  prepared  from  a  non-doped  CZ-Si  crystal.  They  were 
doped  with  H  by  heating  at  1300"C  in  H:  gas.  They  were  then  irradiated  with  3-MeV  electrons  at  room  temperature. 
We  measured  their  optical  absorption  spectra  by  an  FT-IR  spectrometer  at  about  7  K.  An  836-cm  1  peak  which  is  due 
to  a  V-O  pair  was  very  strong.  Optical  absorption  peaks  due  to  complexes  of  H  and  self-interstitial  (I)  such  as  IH2 
(1987-cnrT1  peak).  I2H2  (1870-cm  ]  peak)  and  I2H2  (1959-cm  1  peak)  were  stronger  than  those  of  FZ-Si.  Due  to 
isochronal  annealing,  the  intensity  of  V-0  pair  decreases  at  above  100'C.  Simutaneously  with  this  decrease,  two  new 
peaks  appeared  at  about  2126  and  2151  cm'  \  This  is  due  to  a  formation  of  VOH2  complex  by  a  reaction  between  a 
V-O  pair  and  a  H2.  4+  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Si;  Oxygen:  Hydrogen;  Electron  irradiation 


1.  Introduction 

As  shown  in  previous  papers  [1,2].  we  succeeded  to 
detect  vacancies  (abbreviated  as  V  hereafter),  self¬ 
interstitials  (I)  and  Frenkel-pairs  (FP)  generated  by 
electron-irradiation  of  floating-zone  grown  Si  (FZ-Si) 
crystals.  They  were  detected  not  directly  but  indirectly: 
we  detected  them  in  the  form  of  complexes  of  those 
point  defects  and  hydrogen  molecules  (Fl2)  which  were 
doped  before  irradiation.  It  is  interesting  to  perform 
similar  studies  for  the  Czochralski-grown  Si  (CZ-Si) 
crystals  since  oxygen  (O)  concentration  is  very  high 
in  those  crystals.  We  expect  following  two  effects 
in  the  case  of  CZ-Si.  First,  it  is  expected  that  vacancies 
mainly  form  pairs  with  oxygen  atoms  and  hence 
complexes  of  V  and  H2  will  not  be  formed  since 
concentrations  of  O  and  H  are  around  1  x  10ls  and 
1  x  10,6cm'"*\  respectively.  Second,  the  concentration  of 
IH2  is  expected  to  be  larger  than  that  in  FZ-Si  since 
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recombination  of  V  and  I  will  be  much  reduced  in  CZ-Si 
compared  with  the  case  of  FZ-Si  if  the  formation  of 
V-O  pair  occurs  efficiently. 

2.  Experimental 

Specimens  were  prepared  from  a  high-purity  (carrier 
density  at  RT  was  lower  than  about  4  x  10l3cm 3)  CZ- 
Si  crystal.  Oxygen  concentration  determined  from 
optical  absorption  at  about  9  pm  at  RT  with  a 
conversion  factor  of  3.03  x  1 01 '  atomsem  2  was 
1.6  x  10lscm  3.  After  cutting,  mechanical  shaping  and 
chemical  etching,  specimens  were  doped  with  H  by 
heating  in  H2  gas  at  1300'C  for  lh  followed  by 
quenching  in  water.  Most  hydrogen  atoms  are  in  a 
molecular  state  [3],  H2,  and  some  form  H20  complexes 
[4].  They  were  then  irradiated  with  3-MeV  electrons  at 
RT.  To  determine  thermal  stability  of  defects,  isochro¬ 
nal  and  isothermal  annealing  experiments  were  per¬ 
formed  with  the  use  of  an  oil-bath.  Optical  absorption 
spectra  were  measured  with  an  FT-IR  spectrometer  at 
7K  with  a  resolution  of  0.25cm  \ 
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3.  Results  and  discussion 

Fig.  1  shows  an  optical  absorption  spectrum  at 
around  1900  cm  !.  Defects  responsible  for  the  1987- 
and  1990-cm_1  peaks  and  1870-cm-1  peak  were 
proposed  to  be  due  to  an  IH2  and  I2H2  complexes, 
respectively  [1,2],  where  an  IH2  denotes  a  complex  of 
one  I  and  two  H  atoms.  The  1959-cm”1  peak  was 
proposed  to  be  due  to  I3H2  based  on  the  dependence  of 
its  intensity  on  the  electron  dose  [5]. 

Fig.  2  shows  the  dependences  of  peak  intensities  of 
those  complexes  on  the  electron  dose  of  FZ-Si  and  CZ- 
Si.  The  data  points  were  omitted  for  simplicity.  As 
clearly  seen,  the  concentrations  of  I-related  complexes  in 
CZ-Si  are  larger  than  those  in  FZ-Si.  As  described  in 
Section  1,  this  is  probably  due  to  low  probability  of 
mutual  annihilation  of  V  and  I  because  V’s  easily  form 
pairs  with  oxygen  atoms  (V-0  pairs).  The  peak  intensity 
due  to  VH2  in  CZ-Si  was  much  weaker  than  that  of  IH2, 
being  smaller  than  1/10  at  the  irradiation  dose  of 
4  x  1017cm-2,  whereas  about  2/3  in  the  case  of  FZ-Si. 
This  is  also  due  to  high  efficiency  of  Y-0  pair  formation. 

Fig.  3  shows  the  isochronal  annealing  behaviors  of  V- 
O  pair  (836-cm”1  peak)  and  newly  appeared  2126-cm-1 
peak.  Annealing  duration  was  30  min  at  each  tempera¬ 
ture.  Two  new  peaks  at  2126.4  (abbreviated  as  2126 
hereafter)  and  2151.5  (2152)  cm-1  appeared  due  to 
annealing.  The  isochronal  annealing  behavior  of  the 
2152-cm_1  peak  was  similar  to  that  of  the  2126-cm-1 
peak,  suggesting  that  the  same  defect  is  responsible  for 
those  peaks.  Fig.  4  shows  spectra  of  FZ-Si  at  as- 
irradiated  state  and  that  of  CZ-Si  annealed  at  145°C. 
Two  peaks  which  are  almost  of  maximum  intensity  at 
as-irradiated  state  in  FZ-Si  were  due  to  VH2  complexes 


Wavenumber  {cm'1) 

Fig.  1.  Optical  absorption  spectrum  around  1900  cm-1.  The 
complexes  responsible  for  peaks  are  shown. 


Fig.  2.  The  dependences  of  peak  intensities  of  IH2,  I2H2  and 
I3H2  on  electron  dose  in  CZ.  Si  (solid  lines)  and  in  high-purity 
FZ.  Si  (dashed  lines). 


Fig.  3.  Isochronal  annealing  curves  of  V-O  pairs  and  the 
2126-cm-1  peak.  Annealing  duration  was  30  min  at  each 
temperature. 

of  different  vibrational  modes  [6].  Similarity  of  two 
spectra  and  the  isochronal  annealing  behaviors  of  V-O 
pair  and  the  2126-cm-1  peak  below  200°C  in  Fig.  3 
suggest  that  they  are  due  to  VOH2,  supporting  the 
model  of  Markevich  et  al.  [7].  Markevich  et  al.  found 
those  peaks  due  to  isochronal  annealing  of  electron- 
irradiated  n-type  CZ-Si  pre-doped  with  H  and  proposed 
that  they  are  due  to  VOH2  complexes  based  on 
theoretical  calculations  of  vibrational  frequencies  of 
VOH2  complexes. 
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Fig.  4.  Comparison  of  optical  absorption  spectra  of  FZ-Si  at 
as-irradiated  state  and  CZ-Si  after  annealing  at  145  C  for 
260  min.  The  electron  doses  of  the  former  and  the  latter 
specimens  were  3.6  x  10n  and  8  x  10K’cm  2,  respectively. 


To  determine  the  activation  energies  of  two  stages  of 
the  decrease  of  V-O  pair  in  Fig.  3,  we  performed 
isothermal  annealing  experiments.  Fig.  5  shows  the 
increase  of  the  intensity  of  the  2126-cm  1  peak  due  to 
annealing  at  100  C.  The  solid  line  is  the  fitting  curve  to 
determine  the  time  constant.  This  curve  was  deduced 
under  the  assumption  that  the  reaction  was  of  the 
second  order,  namely,  reaction  occurred  between  two 
kinds  of  defects  with  similar  concentrations.  The  fitting 
is  good,  which  supports  the  assumption  of  second  order 
reaction.  The  activation  energy  determined  from  the 
dependence  of  time  constant  on  the  isothermal  anneal¬ 
ing  temperature  was  0.86 ±0.04 eV,  which  is  in  good 
agreement  with  that  (0.78 ±0.05 eV)  of  H2  diffusion  [8]. 
Hence,  this  result  and  above  isochronal  annealing 
behaviors  clearly  show  that  an  H2  diffuses  to  a  V-O 
pair  and  forms  a  VOH2  complex. 

The  activation  energy  around  230  C  in  Fig.  3  was 
determined  to  be  about  1.68±0.19eV.  As  shown  in 
Fig.  3,  concentrations  of  V-0  pairs  and  VOH2  com¬ 
plexes  decrease  simultaneously.  This  suggests  reaction 
between  V-O  pairs  and  VOH2  complexes.  According  to 
literatures,  the  activation  energy  of  V-O  pair  migration 
was  reported  to  be  1.3  eV  [9,10],  1.8  and  2.27  eV  [11]. 
Our  data  is  in  the  range  of  reported  values.  VOH2 
complexes  are  thought  to  be  more  difficult  to  do 
diffusion  motion  than  V-O  pairs  since  they  are  larger 
in  size  than  V-O  pairs.  We  therefore  propose  that  the 
higher  temperature  stage  in  Fig.  3  corresponds  to  the 
diffusion  of  a  V-O  pair  to  a  VOH2  complex,  resulting  in 
the  formation  of  a  (VOH)2  complex. 


Annealing  lime  (min) 

Fig.  5.  Isothermal  annealing  curve  of  the  2126-cm  1  peak  due 
to  annealing  at  100  C. 


4.  Conclusion 

We  studied  point  defects  in  electron-irradiated  CZ-Si 
pre-doped  with  hydrogen  by  means  of  optical  absorp¬ 
tion  method.  The  concentrations  of  complexes  of  self¬ 
interstitials  and  hydrogen  atoms  in  CZ-Si  were  larger 
than  those  in  FZ-Si.  Two  new  peaks  at  2126  and 
2152  cm  ]  appeared  due  to  annealing  at  around  150‘C. 
They  are  due  to  VOH2  complexes  which  are  formed  by  a 
reaction  between  a  moving  H2  and  an  immobile  V-O 
pair.  Both  V-O  pairs  and  VOH2  complexes  disappeared 
at  around  25CFC  probably  due  to  the  formation  of 
(VOH)2  complexes  by  a  reaction  between  moving  V-O 
pairs  and  immobile  VOH2  complexes. 
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Abstract 

We  studied  the  temperature  dependences  of  line  widths  and  peak  positions  of  optical  absorptions  due  to  the  hydrogen 
bound  to  point  defects  and  acceptors  in  Si.  Specimens  were  prepared  from  floating-zone-grown  Si  crystals  of  high- 
purity  and  of  p-type,  doped  with  group  III  acceptors.  They  were  doped  with  H  by  heating  at  130(TC  in  H2  gas  followed 
by  quenching.  The  former  specimen  was  then  irradiated  with  3  MeV  electrons  at  RT  to  form  complexes  of  H  and  point 
defects  and  the  latter  specimens  were  annealed  at  15(TC  to  form  H-acceptor  pairs.  We  measured  their  optical 
absorption  spectra  by  an  FT-IR  spectrometer  in  the  temperature  range  of  6K  and  RT.  Peaks  due  to  localized 
vibrational  modes  of  H  bound  to  acceptors  and  point  defects  were  well  fitted  with  Lorentzian  line  shapes.  The 
temperature  dependences  of  those  line  widths  and  peak  positions  were  analyzed  with  the  dephasing  model  proposed  by 
Persson  and  Ryberg.  fy  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Hydrogen;  Silicon:  Acceptor;  Point  defect;  Line  shape 


I.  Introduction 

Hydrogen  (H)  in  semiconductors  is  chemically  active 
and  easily  forms  pairs  and  complexes  with  other 
impurities  and  defects.  Because  of  light  mass,  its 
vibrational  frequencies  of  stretching  modes  are  much 
higher  than  the  bulk  phonon  frequencies.  Moreover,  the 
frequencies  are  sensitive  to  local  atomic  structure 
around  H  and  are  used  to  identify  defects  included  in 
the  complex  (as  a  review  article,  see  Refs.  [1-3]). 

One  interesting  feature  of  such  localized  vibrational 
modes  is  the  temperature  dependence  of  line  widths  and 
peak  positions.  The  line  width  is  known  to  be  dominated 
by  two  dynamical  processes,  i.e..  energy  relaxation 
(relaxation  time:  TO  and  pure  dephasing  {Tf)  [4].  Many 
studies  have  been  done  on  the  temperature  dependences 
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of  line  widths  and  peak  positions  of  H-dopant  pairs  in 
compound  semiconductors  [5].  There  has  been,  however, 
no  study  on  dephasing  of  H-impurity  complexes  and  H- 
point  defect  complexes  in  Si. 


2.  Experimental 

Specimens  were  prepared  from  various  Si  crystals 
grown  by  a  floating-zone  method  (FZ-Si).  After 
mechanical  shaping  and  chemical  polishing,  they  were 
doped  with  H  by  heating  at  1300  C  in  H2  gas  followed 
by  quenching  in  water.  Hydrogen  is  in  a  state  of  H2 
molecule  at  RT  [6],  A  high-purity  specimen  was 
irradiated  with  3-MeV  electrons  at  RT  to  form  H-point 
defect  complexes.  The  total  dose  was  1.2  x  1017cnT2. 
Specimens  doped  with  group  III  acceptors  with  the 
concentrations  of  around  3  x  10l:,cm“3  during  crystal 
growth  were  annealed  at  1 50  C  to  form  H-acceptor 
pairs.  Optical  absorption  spectra  of  these  specimens 
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were  measured  at  various  temperatures  between  5  K  and 
RT  with  an  FT-IR  spectrometer  equipped  with  a 
continuous-flow-type  liquid-helium  cryostat.  The  reso¬ 
lution  was  0.5  cm-1  in  the  case  of  H-acceptor  pairs  and 
0.25  cm-1  in  the  case  of  H-point  defect  complexes. 

3.  Results,  analysis  and  discussion 

3.1.  Atomic  geometry 

Prior  to  the  description  of  experimental  results,  we 
describe  the  geometrical  configurations  studied  in  this 
paper.  We  roughly  classify  them  into  two  groups.  In  the 
first  group,  H  has  one  bond  with  one  Si  atom  which  is 
similar  to  H  on  the  (1  1  1)  surface,  i.e.,  there  are  three  Si 
atoms  near  the  Si  atom  bonded  to  H,  [Si3(Si)H].  The 
following  complexes  are  thought  to  belong  to  this  group; 
H*(AB)  (1838  cm"1  peak),  VH2(1)  and  VH2(2)  (2122  and 
2145),  V2H2  (2073),  IH2(1)  and  IH2(2)  (1987  and  1990) 
and  I2H2  (1870),  where  H*(AB)  and  VH2,  for  example, 
denote  H  at  anti-bonding  site  in  H*  and  a  complex  of  one 
V  and  two  H  atoms,  respectively.  Peak  positions  of 
optical  absorption  are  shown  in  parentheses.  In  the 
second  group,  a  H  atom  occupies  the  bond-centered  site. 
Hence,  H-acceptor  pairs  and  H*(BC)  (2062)  belong  to 
this  group,  where  BC  denotes  the  bond-centered  site.  One 
characteristic  feature  of  this  group  is  that  a  H  atom  is 
squeezed  between  two  large  atoms,  i.e.,  two  Si  atoms  or  Si 
atom  and  an  acceptor  atom. 

3.2.  Line  width  at  very  low  temperature 

At  very  low  temperature,  the  line  width  of  localized 
vibration  is  known  to  be  dominated  by  energy  relaxation 
process,  i.e.,  the  excited  vibrational  state  is  relaxed  to  the 
lowest  vibrational  state  by  emission  of  lattice  phonons. 
Budde  et  al.  [7]  determined  the  vibrational  lifetime  (Tj) 
of  bond-centered  H  in  Si  at  very  low  temperatures  by 
means  of  time-resolved,  transient  bleaching  spectro¬ 
scopy.  The  observed  line  width  (To)  at  very  low 
temperature  was  close  to  \/2ncT),  where  c  represents 
the  light  velocity. 

From  the  fittings  of  Lorentzians  to  the  observed  peaks 
cited  in  Section  3.1,  we  determined  the  peak  positions 
and  the  line  widths  at  half-maximum  (FWHM:  r)  at 
various  temperatures.  Table  1  shows  a  summary  of  T\ 
estimated  from  the  line  widths  (To)  at  around  5K.  As 
can  be  clearly  seen,  T\  of  H-acceptor  pairs  and  H*(BC) 
are  much  shorter  than  those  of  H-point  defect 
complexes.  Hence,  pairs  of  short  relaxation  time  belong 
to  the  second  group  in  Section  3.1.  H  atoms  in  those 
pairs  occupy  the  bond-centered  site  and  are  squeezed 
much  by  the  nearest  two  atoms  (two  Si  or  one  Si  and  one 
acceptor)  as  described  in  Section  3.1.  Hence,  the 
coupling  of  the  observed  mode  with  surrounding  lattice 


Table  1 

Relaxation  time  T\  of  H-acceptor  pairs  and  H-point  defect 
complexes  in  Si11 


Species 

Ti  (ps) 

Species 

T,  (ps) 

B-H 

1.5 

H7*(AB) 

3.1 

Al-H 

0.70 

H2*(BC) 

1.8 

Ga-H 

1.2 

6.3 

In-H 

0.46 

ih2(1) 

7.3 

IH,(2) 

7.2 

V2H2(2) 

15 

VH2(1) 

17 

VH2(2) 

16 

aI  and  V  indicate  a  self-interstitial  and  a  vacancy,  respec¬ 
tively.  VH2,  for  example,  denotes  a  complex  of  one  V  and  two 
H  atoms. 


modes  is  thought  to  be  large,  which  is  the  reason  for 
short  relaxation  time. 

3.3.  Temperature-dependent  line  width 

At  high  temperatures,  the  line  width  is  thought  to  be 
dominated  by  dephasing  processes,  i.e.,  the  vibrating 
excited  system  elastically  collides  with  low-frequency 
phonon  modes  without  emitting  energy  [4].  Since  the 
thermal  excitation  of  low-frequency  phonons  is  required 
in  the  dephasing  mechanism,  this  process  is  negligible  at 
the  low-temperature  limit  but  becomes  dominant  as  the 
temperature  rises.  Hence,  we  introduce  the  normalized 
line  width  (T  -  To) /To  to  analyze  the  dephasing  process. 

Persson  and  Ryberg  [8]  proposed  a  dephasing  model 
to  explain  the  temperature  dependences  of  the  line  width 
and  peak  position  of  vibrational  mode  of  molecules 
adsorbed  on  a  metal  suface  under  the  assumption  that 
the  local  vibrational  mode  interacts  with  one  phonon 
mode  of  low  frequency.  It  is  not  possible  to  obtain 
analytical  expressions  of  peak  shift  (Am)  and  the  change 
of  FWHM  (AT)  for  the  general  case.  The  analytical 
expressions  of  these  temperature  dependences,  however, 
are  given  as  follows  for  the  limiting  case.  We  show,  here, 
only  the  case  of  weak  coupling  limit. 

Am  =  5  co/p,  (1) 

Ar  =  (26a>2Af)03+l),  (2) 

where  ft  =  exp(hcoo/2nkT)  —  1,  5m  is  the  coupling 
constant  of  two  modes,  mo  is  the  vibrational  frequency 
of  coupling  low-frequency  mode  with  line  width  ??  and  h, 
the  Planck  constant. 

Figs.  1  and  2  show  the  dependences  of  the  normalized 
line  widths,  (T  -  r0)/r0,  of  H-acceptor  pairs  and 
complexes  of  H  and  point  defects  on  temperature. 
Figs.  3  and  4  show  the  dependences  of  peak  positions  of 
those  defects  on  temperature.  Solid  lines  are  fitting 
curves  due  to  the  dephasing  model  proposed  by  Persson 
and  Ryberg  [8].  In  the  above  fittings,  we  used  analytical 
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Fig.  I.  Dependences  of  the  line  widths  of  optical  absorption 
peaks  due  to  H  -acceptors  on  temperature.  Solid  lines  arc  fitting 
curves  due  to  Eq.  (2). 


Fig.  2.  Dependences  of  the  line  widths  of  optical  absorption 
peaks  due  to  complexes  of  H  and  point  defects  on  temperature. 
Solid  lines  are  fitting  curves  due  to  Eq.  (2). 


Temperature  (K) 

Fig.  3.  Dependences  of  the  peak  shifts  of  optical  absorption 
peaks  due  to  H-acceptors  on  temperature.  Solid  lines  arc  fitting 
curves  due  to  Eq.  (1). 


Fig.  4.  Dependences  of  the  peak  shifts  of  optical  absorption 
peaks  due  to  complexes  of  H  and  point  defects  on  temperature. 
Solid  lines  arc  fitting  curves  due  to  Eq.  (I). 

expressions,  i.e.,  Eqs.  (1)  and  (2),  at  the  weak  coupling 
limit:  the  line  width  of  low-frequency  mode  is  larger 
than  the  coupling  constant. 

In  Figs.  1-4,  the  fittings  themselves  seem  to  be  good. 
In  the  case  of  H-point  defect  complexes  and  Ht(AB), 
the  vibrational  frequency  («n)  of  low-frequency  mode 
determined  from  the  fitting  of  line  width  agreed  well  to 
that  determined  from  peak  position  and  the  condition  of 
weak  coupling  limit  was  also  satisfied.  On  the  other 
hand,  the  vibrational  frequency  of  low-frequency  mode 
determined  from  the  line  width  did  not  agree  with  that 
determined  from  the  peak  shift  in  the  case  of  Fl-acceptor 
pairs,  H*(BC)  and  IH^.  Hence,  Persson  and  Ryberg’s 
model  at  the  weak  coupling  limit  is  applicable  to  the 
former  and  not  applicable  to  the  latter. 

4.  Summary 

We  studied  the  temperature  dependences  of  line 
widths  and  peak  positions  of  optical  absorption  peaks 
due  to  H-acceptor  pairs,  H-point  defect  complexes  and 
H*  in  Si.  We  analyzed  them  with  the  dephasing  model  at 
the  weak  coupling  limit  proposed  by  Persson  and 
Ryberg.  This  model  explained  well  the  behaviors  of 
H-point  defect  complexes  (except  IH2)  and  H^(AB)  but 
not  those  of  H-acceptor  pairs,  H*(BC)  and  IH:. 
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Abstract 


We  studied  point  defects  generated  by  electron-irradiation  of  hydrogenated  Si  crystals  at  low  temperatures  from  the 
measurement  of  optical  absorption  due  to  hydrogen  bound  to  point  defects.  Specimens  of  high-purity,  n-and  p-type 
floating-zone  grown  Si  crystals  were  doped  with  H  by  heating  in  H2  gas  at  1300  C  followed  by  quenching.  Then,  they 
were  irradiated  with  6MeV  electrons  at  270.  200  and  130K.  We  measured  their  optical  absorption  spectra  at  7K  with 
the  use  of  an  FT-IR  spectrometer.  The  relative  mobilities  of  various  point  defects  were  discussed  from  the  relative 
intensities  of  1838.  1987  and  2122  cm  1  peaks  which  are  due  to  H2,  IH2and  VH2,  respectively,  where  V.  I  and  H2  denote 
a  vacancy,  a  self-interstitial  and  H2  in  metastable  state  formed  by  a  reaction  between  an  H2  and  a  Frenkel  pair, 
respectively.  f;  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Si:  Electron  irradiation:  Vacancy:  Self-interstitial:  Frenkel  pair 


1.  Introduction 

As  shown  in  previous  papers  [1,2].  we  have  succeeded 
in  detecting  self-interstitials  (abbreviated  as  I  hereafter) 
and  Frenkel  pairs  (FP)  as  well  as  vacancies  (V)  from  the 
measurements  of  optical  absorption  of  hydrogenated 
silicon  crystals  after  electron-irradiation  at  RT.  They  are 
detected  not  directly  but  indirectly,  i.e.,  via  the 
complexes  of  those  point  defects  and  hydrogen  mole¬ 
cules  (H2).  The  formation  of  these  complexes  were 
interpreted  to  be  due  their  diffusion  to  H2,  which  is 
effectively  immobile  [3]  at  around  RT.  According  to  this 
interpretation,  it  seems  possible  to  measure  the  relative 
diffusion  rates  of  these  point  defects  from  the  measure¬ 
ment  of  optical  absorption  intensities  which  are  propor¬ 
tional  to  their  concentrations.  To  obtain  some  bits  of 
information  on  the  mobilities  of  V,  I  and  FP,  we 
performed  electron-irradiation  of  hydrogenated  Si  at 
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various  temperatures  and  measured  their  optical  absorp¬ 
tion  spectra. 


2.  Experimental 

Specimens  were  prepared  from  floating-zone  grown 
Si  (FZ-Si)  crystals  of  n-type  (phosphorus  concen¬ 
tration:  1 .5  x  1016cm  3),  high-purity  (p-type  carrier 
concentration  at  RT  was  4.5  x  10,2cm"3)  and 
p-type  (boron  concentration:  1.5xl0,6cm  3). 

After  cutting  out  specimens  from  above  crystals,  they 
were  mechanically  shaped  and  chemically  etched  to 
the  size  of  4x6x11  mm3.  To  dope  hydrogen,  they 
were  sealed  in  quartz  capsules  together  with  H2  gas 
and  heated  at  1300  C  for  50  min  followed  by  quenching 
in  water.  Hydrogen  in  Si  at  RT  is  in  a  state  of  H2  [4]. 
They  were  then  irradiated  at  270,  200  and  130K 
with  6McV  electrons  using  a  linear  accelerator  with 
an  irradiation  dose  of  5  x  10l6cm  2.  Specimens  were 
placed  in  a  cooled  nitrogen-gas  flow  during  irradiation. 
The  specimen  temperature  was  monitored  with  a 
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thermocouple.  We  measured  their  optical  absorp¬ 
tion  spectra  with  an  FT-IR  spectrometer  installed  with 
a  continuous-flow-type  liquid  He  cryostat.  Measurement 
temperature  was  about  7K  and  the  resolution  was 
0.25  cm-1. 


3.  Results  and  discussion 

Prior  to  showing  the  experimental  results,  we  should 
consider  the  formation  process  of  various  complexes  of 
point  defects  and  H2.  Due  to  electron-irradiation  of 
specimens,  FPs  are  first  formed.  Some  of  them  diffuse  to 
H2  and  form  complexes,  H2,  and  some  dissociate  into  V 
and  I.  We  assume  the  dissociation  rate  is  temperature- 
independent.  Since  the  migration  energies  of  V  and  I  are 
small  [5],  they  diffuse  to  various  sinks  and  traps  during 
irradiation.  There  are  many  paths  to  form  complexes. 
Some  form  complexes  with  H?  such  as  VH2,  V2H2,  IH2 
and  I?H2,  where  an  IH2,  for  example,  is  a  complex  of 
one  self-interstitial  and  two  H  atoms.  Some  form 
complexes  by  themselves,  for  example,  V2.  Hence,  it  is 
not  easy  to  obtain  accurate  information  about  the 
mobilities  of  V,  I  and  FP  from  the  measurement  of  the 
concentrations  of  complexes.  We  should  fully  analyze 
the  formation  processes  of  all  complexes  to  determine 
the  mobilities  of  above  point  defects.  In  the  following, 
however,  we  simply  assume  that  the  relative  intensities 
of  IH2,  VH2  and  H2  correspond  to  relative  mobilities  of 
I,  V  and  FP,  respectively.  Hence,  the  deduced  results 
may  be  insufficient  in  accuracy. 

Fig.  1  shows  optical  absorption  spectra  of  high-purity 
Si  crystals  irradiated  at  270  (upper  spectrum)  and  130K 
(lower  one).  As  seen,  the  absorption  due  to  IH2  at  1987 
and  1990  cm-1  was  the  strongest  after  the  irradiation  at 
270  K.  On  the  other  hand,  after  irradiation  at  130K,  it 
was  much  weaker  than  that  irradiated  at  270  K  and 
those  of  VH2  and  H2  were  similar  to  those  irradiated  at 
270  K.  These  results  clearly  show  two  features  that  the 
mobility  of  I  has  larger  temperature  dependence  than 
those  of  V  and  FP  and  the  mobilities  of  V  and  FP  are 
larger  than  that  of  I  at  130K.  Fig.  1  is  thought  to 
support  above  assumption  that  the  dissociation  rate  of 
FP  is  temperature-independent  since  the  intensities  of 
VH2  and  H2  are  similar  after  irradiation  at  270  and 
130  K. 

Fig.  2  shows  optical  absorption  spectra  of  n-type  Si 
crystals  irradiated  at  270  K  (upper  spectrum)  and  130K 
(lower  one).  As  seen,  the  absorption  due  to  IH2  was  the 
strongest  after  270  K  irradiation,  similar  to  Fig.  1.  On 
the  other  hand,  after  irradiation  at  1 30  K,  it  decreased 
much  and  those  of  VH2  and  H2  became  larger  than 
those  irradiated  at  270  K.  These  results  show  that  the 
mobility  of  I  has  different  temperature  dependence  from 
those  of  V  and  FP.  The  intensity  of  VH2  was  weak  after 
270  K  irradiation.  This  is  due  to  preferential  formation 


Fig.  1.  Optical  absorption  spectra  of  high-purity  specimens 
irradiated  at  270  K  (upper  curve)  and  130K  (lower  curve). 
Complexes  responsible  for  peaks  were  determined  in  previous 
studies  [1,2]. 
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Fig.  2.  Optical  absorption  spectra  of  n-type  specimens  irra¬ 
diated  at  270  K  (upper  curve)  and  1 30  K  (lower  curve). 


of  V-P  pair  as  shown  in  the  previous  study  [2].  The 
intensity  of  VH2  in  Fig.  2  after  6  MeV  electron-irradia¬ 
tion  at  270  K  is  about  a  2.5  factor  larger  than  that  after 
3  MeV  electron-irradiation  at  RT.  Hence,  there  may  be 
an  effect  of  irradiation  energy  on  the  formation  of  V-P 
pair. 

Fig.  3  shows  optical  absorption  spectra  of  p-type  Si 
crystals  irradiated  at  270  K  (upper  spectrum)  and  130K 
(lower  one).  As  seen,  the  absorption  due  to  VH2  was  the 
strongest  after  270  K  irradiation.  On  the  other  hand, 
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Fig.  3.  Optical  absorption  spectra  of  p-type  specimens  irra¬ 
diated  at  270  K  (upper  curve)  and  130K  (lower  curve).  BH 
denotes  a  pair  of  a  boron  atom  and  an  H. 

after  irradiation  at  130K,  the  intensity  of  Hj  became 
the  largest,  much  larger  than  that  at  270  K  irradiation. 
The  intensity  of  VH2  after  130K  irradiation  was  similar 
to  that  after  270  K  irradiation.  These  results  show  that 
the  mobility  of  FP  has  a  different  temperature  depen¬ 
dence  from  that  of  V.  The  intensity  of  IFF  was  weak 
after  270  K  irradiation.  This  is  due  to  replacement  of 
occupation  sites  between  an  I  and  a  substitutional  B  [5]: 
I H-  B(s)  — ►  B(i)  -f-  Si(s),  where  (i)  and  (s)  denote  the 
interstitial  and  substitutional  sites,  respectively.  The 
intensity  of  IFF  in  Fig.  3  after  270  K  irradiation  is  about 
factor  3.4  times  larger  than  that  after  3  MeV  irradiation 
at  RT.  Hence,  there  may  be  an  effect  from  irradiation 
energy  on  the  replacement.  According  to  Fig.  3,  the 
probability  for  the  replacement  of  occupation  sites 
seems  to  decrease  due  to  irradiation  at  130K. 

Properties  of  irradiation-induced  vacancies  in  Si  have 
been  extensively  studied  and  clarified  well  [5],  Hence,  we 
estimate  the  relative  intensities,  IH2/VH2  and  H2/VH2, 
to  determine  the  relative  migration  energies  of  I  and  FP 
to  that  of  V.  Such  a  procedure  is  necessary  to  correct 
possible  change  of  irradiation  conditions,  such  as  the 
focusing  of  the  electron-beam,  depending  on  the 
irradiation  temperature.  Fig.  4  shows  the  dependence 
of  relative  intensities  on  the  temperature  in  high-purity 
specimens.  From  the  slope,  we  obtained  energies  of  7.4 
and  21  MeV  for  H2  and  IH2,  respectively.  These  energies 
are  thought  to  be  the  differences  of  migration  energies  of 
FP  and  V  and  of  I  and  V,  i.e.,  their  migration  energies 
are  the  sum  of  above  values  and  the  migration  energy  of 
vacancy.  Hence,  these  results  show  that  the  migration 
energies  of  V,  I  and  FP  are  similar  during  electron- 
irradiation.  Within  our  knowledge,  no  one  has  shown 
the  diffusion  of  FP.  The  migration  of  FP  suggests  long 
lifetime  of  FP,  i.e..  the  annihilation  of  FP  is  not  easy  and 


1  03/T  {!<•') 


Fig.  4.  The  dependences  of  the  relative  intensities  of  IH2/VH2 
(circles)  and  H2/VH2  (triangles)  in  high-purity  specimens  on  the 
irradiation  temperature. 

there  may  be  energy  barrier  for  recombination  of  V 
and  I. 

It  is  well  known  that  an  I  in  p-type  Si  crystals  diffuses 
in  athermally  even  at  4.2  K.  This  athermal  motion  is 
explained  by  the  Bougoin-Cobett  mechanism  [6], 
According  to  this  model,  the  position  where  an  I  in 
one  charge  state  is  at  a  potential  minimum  corresponds 
to  a  potential  maximum  for  an  I  in  another  charge  state. 
Thus,  an  I  will  move  toward  its  new  minimum-potential 
position  each  time  its  charge  state  changes.  According  to 
our  experiment,  however,  there  is  a  migration  energy  of 
I  even  in  p-type  Si  crystals.  The  lifetime  of  the  charge 
state  at  the  maximum  potential  of  I  for  athermal 
diffusion  may  be  shorter  than  the  time  for  one  atomic 
jump  for  diffusion  motion,  probably  because  of  thermal 
excitation  of  the  charge  at  high  temperatures. 


4.  Conclusion 

We  studied  the  effect  of  irradiation  temperature  on 
the  formation  of  complexes  of  point  defects  and  H2  in 
hydrogenated  Si  crystals.  Relative  intensities  of  optical 
absorption  peaks  due  to  complexes  of  point  defects  and 
H2  strongly  depended  on  the  irradiation  temperature. 
We  interpreted  these  results  under  a  simplified  assump¬ 
tion  that  the  relative  intensities  correspond  to  the 
relative  mobilities  of  relevant  point  defects.  According 
to  above  assumption,  we  determined  the  migration 
energies  of  an  I  and  a  FP  relative  to  that  of  V  during 
electron-irradiation. 
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Abstract 

We  present  the  first  electronic  characterization  of  intrinsic  defects  on  the  hydrogen-passivated  silicon  surface.  Surface 
recombination  velocities,  measured  with  radio-frequency  photoconductance  decay,  show  that  lifetimes  of  both  n-  and 
p-type  wafers  change  significantly  with  small  changes  in  the  background  carrier  concentration  (;/  =  An/p{)  ^0.05).  These 
effects  are  not  explained  by  the  Shockley-Read-Hall  model  for  single-level  defect  recombination  but  can  be  understood 
by  modeling  the  defect  as  a  coupled,  two-level  (three  charge  state)  system.  By  analogy  with  the  Pb -center,  these  defects 
may  be  thought  of  as  dangling  bonds  populated  with  zero,  one,  or  two  electrons.  (C;  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Dangling  bond:  Minority  carrier  lifetime:  Passivation:  Surface  defect 


1.  Introduction 

Hydrogen  passivation  of  the  silicon  surface  is  widely 
used  to  retard  native  oxide  growth.  Scanning  tunneling 
microscopy  (STM)  studies  of  hydrogen-passivated 
silicon  surfaces  [1.2]  show  that  dangling  bonds  arise  at 
the  ends  of  dimerized  rows  of  the  2x1  surface 
reconstruction.  Others  have  also  shown  that  dangling 
bonds  are  formed  when  02  molecules  dissolved  in 
solution  abstract  hydrogen  radicals  from  Si-H  surface 
bonds  [3]. 

We  have  previously  used  surface  sensitive  minority 
carrier  lifetime  measurements  to  study  native  oxide 
growth  [4].  metal  deposition  [5],  and  surface  passivation 
[6].  We  have  further  proposed  the  use  of  minority  carrier 
lifetime  as  an  in  situ  monitor  for  metal  contamination  in 
hydrofluoric  (HF)  acid  baths  [7],  More  precise  use  of 
this  technique  requires  a  detailed  understanding  of  the 
electronic  nature  of  intrinsic  surface  defects. 


♦Corresponding  author.  Fax:  +1-617-253-6782. 
E-mail  address:  ajrcddyftf  alum.mit.edu  (A.J.  Reddy). 


2.  Lifetime  measurements 

Lifetime  measurements  have  been  made  using  radio¬ 
frequency  photoconductance  decay  (RF-PCD)  [8]. 
Fig.  1  shows  RF-PCD  measurements  for  both  n-type 
and  p-type  silicon  samples  immersed  in  100:  1  (0.5  wt%) 
HF  solutions.  The  sample  preparation  procedure  is 
described  elsewhere  [8].  A  quartz  halogen  lamp  with  a 
maximum  illumination  of  1.5  x  1016  photons/(cnr  s)  has 
been  used  to  change  the  background  carrier  concentra¬ 
tion  up  to  5%  for  p-type  wafers  and  10%  for  n-type. 

The  Shockley-Read-Hall  lifetime  [9,10]  for  a  single- 
level  defect  is  given  by 

_  *1.1.  +  >/t||L 


where  Tu,  and  tm.  are  the  asymptotic  low-level  and 
high-level  injection  lifetimes,  respectively,  and  >/  is  the 
relative  injection  level  (=  A ////?<>).  This  theory  alone 
could  explain  the  observed  lifetime  increase  for  the 
n-type  data,  if  but  is  not  consistent  with  the 

decrease  in  t  of  over  50%  for  //^0.05  observed  for 
the  p-type  wafer. 
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Fig.  1.  Minority  carrier  lifetime  data,  taken  with  RF-PCD,  for  n-  and  p-type  silicon  wafers  immersed  in  solutions  of  dilute  HF 
(0.5  wt%). 


There  are  many  known  models  for  non-exponential 
decays:  surface  diffusion  transients,  trapping  sites,  and 
surface  band-bending.  Attempts  have  been  made  to 
apply  each  of  these  to  our  data,  but  all  have  flaws. 
Surface  transients  apply  only  to  lifetimes  below  the 
transit  time  («16ps  for  p-type  Si).  Trapping  sites  need 
to  be  present  in  a  very  large  concentration  and  should 
slow  the  initial  carrier  decay  rate  for  biased  data,  but  no 
such  decrease  is  observed.  A  band-bending  explanation 
would  require  that  excess  electrons  somehow  generate  a 
surface  potential  that  is  further  attractive  to  electrons. 
Failure  of  these  models  has  led  to  the  development  of 
the  two-level  defect  model. 


R5=ctp[D°]  r7=c;iP[d-] 

R6=e°e[D°]  Rs=e:[D~] 


Fig.  2.  Carrier-defect  interactions  in  the  two-level  defect  model. 
Each  transition  between  states  can  occur  either  through  capture 
of  one  carrier  or  emission  of  the  opposite  type  of  carrier. 


3.  The  two-level  defect  model 

A  two-level  defect  has  three  charge  states,  D+,  D°, 
and  D~,  as  shown  in  Fig.  2.  The  two  mid-gap  states  of 
the  defect  correspond  to  transitions  between  these  states. 
The  two  levels  are  coupled,  as  the  second  level  can  be 
occupied  only  when  the  first  is  already  filled.  At 
equilibrium,  the  change  in  the  Gibb’s  free  energy  must 
be  zero  for  adding  an  electron  to  either  level.  The 
enthalpy  change  for  populating  each  of  these  levels  is 
simply  the  defect  energy  level  minus  the  Fermi  energy: 
AH\  =  Ey\  -  E¥  and  A H2  =  #n  -  ^f.  The  total  en¬ 
tropy  for  a  two-level  defect  is  defined  by  the  number  of 
microstates  that  correspond  to  a  given  macrostate,  i.e., 
defect  level  occupations  f\  and  /2.  A  microstate  for 
coupled  levels  requires  partitioning  the  Ap  defects  into 
(1)  (1  - /i)  x  Nd  D+  states,  (2)  (/i~/2)  x  AD  D°  states, 
and  (3)  f2  x  ND  D“  states.  The  total  number  of 
microstates  is  then: 


The  change  in  entropy  involved  in  adding  one  electron 
to  each  defect  level  is  then 

AS,  =A/1x^=fcBl„(l^), 

AS2  =A/2x^=fcBln(^). 

At  equilibrium,  AH  =  TAS,  and  the  equilibrium  defect 
occupations  are  determined  to  be 

f  =  1  +  ft  f  —  1 

J]  1+j S  +  a/3’  J1  l+£  +  ajS’ 

where  a  =  exp((£ri  -  E^)/k^T)  and  p  =  exp((£r2  — 
EF)/kBT).  From  these  equations,  it  is  evident  that/i  > 
/2  even  when  Et]  >  El2,  and  there  is  no  need  to  impose 
constraints  that  guarantee  a  physically  meaningful  value 
for  [D°]  (=  (/,  -/2)JVD). 

Assumptions  about  recombination  kinetics  are  the 
same  as  the  SRH  model: 


/  At  \  //iAt  \ 
yi  At  )  V/2AT  ) 

At! 

((1  — /i)At)!((/i  -/2)At)!(/2At)!; 


=  In  n. 


•  capture  is  a  first-order  reaction  between  a  defect  site 
and  a  carrier, 

•  emission  rates  vary  exponentially  with  the  energy 
required,  and 

•  defects  are  in  quasi-equilibrium  with  both  bands. 
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Fig.  3.  Calculated  recombination  lifetimes  for  a  typical  single¬ 
level  defect  and  for  a  two-level  system  that  approximates  the 
behavior  of  intrinsic  defects  on  n-  and  p-type  hydrogen- 
passivated  Si  (1  00)  surface. 


The  four  emission  coefficients  may  be  written  in  terms 
of  capture  coefficients  and  equilibrium  defect  occupa¬ 
tions.  The  lifetime  then  varies  with  injection  level  as  [1 1] 


r(A/?)  =  - 


An 

dn/di 


=  t"( 


1  +  T„\An  +  t„:A  ir 
(1  -f  TjA/?X1  +  An/(pi)  -f  /in)) 


)■ 


where  to,  t„],  t„;>,  and  rt|  all  can  be  written  as  functions 
of  the  four  capture  coefficients,  the  two  energy  levels, 
and  the  total  concentration  of  defects. 

Fig.  3  illustrates  how  the  injection  level  dependence  of 
a  two-level  defect  can  be  much  more  complicated  than 
the  familiar  SRH  behavior  of  a  single  level.  Defect  levels 
for  the  two-level  system  have  been  chosen  to  roughly 
mimic  the  behavior  we  have  observed  for  H-passivated 
silicon  (10  0)  surfaces.  The  parameter  values  are:  = 
10~l6cnr,  (7~  =  10“,5cnr,  <r£  =  10“16  cm2,  <7^  = 

2  x  10" 15  cm2,  Ej\  =  Ey  +  0.95  eV,  EJ2  =  Ex  +  0.63  eV. 
Different  values  for  Nj  have  been  used:  4x  10lncm“2 
for  p-type  and  lO^cm”2  for  n-type.  The  doping  level  for 
all  wafers  was  fixed  at  2  x  10!3cm  \ 

While  the  SRH  lifetime  changes  only  near  the  doping 
level,  the  two-level  defect  shows  a  much  stronger 
dependence  on  An.  The  rapid  lifetime  drop  observed 
for  the  p-type  wafer  is  due  to  the  speed  of  the  D°/D~ 
transition.  At  equilibrium,  most  defects  are  in  the  D  : 
state,  so  this  fast  pathway  is  inaccessible.  As  the 
injection  level  increases.  [D°]  also  increases  and  rapid 
recombination  becomes  possible.  The  lifetime  continues 
to  drop  until  the  recombination  rate  is  determined 
entirely  by  this  D°/D~  transition.  For  the  n-type  wafer 
near  equilibrium,  most  defect  sites  are  occupied  and  the 
fast  D°/D"  transition  causes  the  lifetime  to  be  low.  The 
addition  of  excess  carriers,  combined  with  the  high  rate 
of  electron  emission  from  the  shallow  level  £-n,  serves  to 
decrease  [D°]  for  moderate  injection  levels.  The  lifetime 


Fig.  4.  Possible  physical  states  corresponding  to  the  three 
electronic  states  of  the  surface  defect.  Each  may  play  important 
roles  in  common  silicon  surface  reactions. 


thus  rises  in  the  intermediate  regime  (near  the  wafer 
doping  level),  before  dropping  off  in  the  intrinsic  (high- 
level  injection)  regime. 


4.  Physical  significance 

The  precise  nature  of  the  defects  on  the  H-passivated 
surface  are  not  known.  In  analogy  with  /Vcenters 
observed  at  the  Si— Si02  interface,  it  is  likely  that  these 
defects  are  dangling  bonds.  Fig.  4  represents  the  three 
physical  states  for  this  defect.  As  was  stated  in 
establishing  the  model,  the  unoccupied  defect  state 
would  have  a  net  charge  of  +  cj.  Simply  on  electrostatic 
grounds,  this  site  should  be  very  attractive  for  dis¬ 
sociated  £  ions  in  solution.  The  doubly  occupied  state 
will  serve  similarly  as  a  source  for  electrons.  In  the 
process  of  native  oxidation,  electrons  are  transferred 
from  the  silicon  surface  to  an  adsorbed  02  molecule.  The 
density  of  doubly  occupied  sites  may  therefore  be  the 
limiting  species  in  the  degradation  of  the  Si-H  passiva¬ 
tion.  Metal  contamination  of  silicon  wafers  also  occurs 
by  electron  transfer  from  the  surface.  The  doubly 
occupied  dangling  bond  may  prove  to  be  a  rate-limiting 
factor  in  the  rate  of  metal  deposition. 


5.  Conclusions 

A  model  had  been  developed  for  carrier  recombina¬ 
tion  in  a  two-level  defect  system.  Equilibrium  defect 
occupations  are  not  determined  by  the  Fermi  level  alone 
and  a  more  complete  approach,  based  on  the  total  defect 
entropy,  is  required.  The  recombination  kinetics  are  also 
more  complicated  and  can  produce  rapid  changes  in  the 
lifetime  even  for  injection  levels  well  below  the  doping 
level.  Experimental  measurements  suggest  that  silicon 
(10  0)  wafers  immersed  in  dilute  HF  solutions  are  an 
example  of  a  two-level  defect  system.  The  lifetime 
changes  observed  on  p-  and  n-type  wafers  are  both 
explained  by  a  rapid  Dn/D“  transition  and  a  slow 
D"/D  transition.  The  three  defect  species  identified  by 
this  model  are  likely  states  of  a  dangling  bond  and  may 
play  important  roles  in  charge  transfer  at  the  silicon 
surface. 
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Abstract 

A  new  approach  to  generate  stimulated  emission  in  the  terahertz  (THz)  range  of  the  electromagnetic  spectrum 
is  presented.  At  low  temperatures,  population  inversion  between  excited  states  of  shallow  impurity  centers  in  silicon 
can  occur  due  to  peculiarities  of  electron-phonon  interaction.  The  terahertz  stimulated  emission  from  impurity 
transitions  was  observed  from  bulk  monocrystalline  silicon  doped  by  group  V  elements  (P,Bi).  excited  by  C02  laser 
radiation,  f;.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.45.  +  h:  42.55.Px:  78.30.Am:  71.55.Cn 

Keywords;  THz;  Stimulated  emission:  Shallow  impurity;  Silicon 


1.  Introduction 

At  present,  semiconductor  lasers  which  are  based  on 
intracenter  transitions  of  optically  excited  highly  non¬ 
equilibrium  charge  carriers  are  intensively  studied. 
Silicon  is  one  of  the  most  promising  materials  for  such 
lasers.  Erbium-doped  silicon  [1,2]  can  operate  at  a 
wavelength  of  around  1.55  pm  on  intracenter  4f-shell 
optical  transitions  of  Er  atoms.  Recently,  it  has  been 
demonstrated  that  optically  excited  hydrogen-like  im¬ 
purity  centers  in  silicon  are  an  efficient  source  for  far- 
infrared  stimulated  emission  [3-7].  In  the  case  of 
hydrogen-like  centers,  the  strong  influence  of  electron- 
phonon  interaction  on  the  charge  carrier  distribution 
tends  to  form  an  equilibrium  distribution  of  charge 
carriers.  However,  the  specific  nature  of  the  phonon- 
assisted  relaxation  at  low  temperatures  allows  to  obtain 
population  inversion  due  to  the  suppression  of  acous¬ 
tical  phonon  emission  [5]  or  resonant  interaction  with 
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optical  phonons  [7]  for  particular  excited  impurity 
states. 

Non-equilibrium  free  charge  carriers  in  silicon  are 
created  by  optical  excitation  of  shallow  impurity  centers 
with  CCL  laser  radiation.  The  carriers,  optically  excited 
from  the  ground  state  into  the  conduction  band,  lose 
their  energy  by  emitting  acoustical  or  optical  phonons. 
The  following  intracenter  relaxation  of  free  charge 
carriers  is  a  fast  cascade  process  [8].  In  n-type  Si  doped 
by  shallow  donor  centers,  the  2p0  excited  state 
is  comparatively  far  spaced  from  the  lower  s-type 
states.  Relaxation  from  the  2p0  state  by  an  acoustical 
phonon  is  suppressed,  because  the  wave  vector  for 
relaxation  by  acoustical  phonons  through  the  relatively 
large  energy  gap  is  beyond  the  localization  of  the 
impurity  states. 

As  a  result,  for  most  of  n-Si  media,  e.g.  for  silicon 
doped  by  phosphor  (Si:P),  the  2p„  state  is  relatively 
long  living  (ca.  15  ns  [5]).  The  lower  ls(E.T)  states  have 
lifetimes  of  the  order  of  0.1  ns  [5].  The  accumulation  of 
photoexcited  carriers  in  the  2p„  state  in  Si :  P  enables  a 
population  inversion  between  the  2p0  and  ls(E,T) 
excited  states  [4].  This  can  be  used  to  form  a  4-level 
laser  scheme  with  the  2p(,  state  as  the  long-living  upper 
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Fig.  1.  The  scheme  of  optical  and  non-radiative  transitions  in 
the  Si:P  when  pumped  by  the  C02  laser  radiation:  straight 
arrow  down — far-infrared  laser  emission  from  the  2p0->ls(T) 
transition;  arrow  up — the  C02  laser  pump;  and  solid  curved 
arrows  down — relaxation  of  the  photoexcited  electrons  due  to 
emission  of  acoustical  and  optical  phonons. 


level  (Fig.  1).  Lasing  from  the  2p0->ls(E)  transition  in 
optically  pumped  Si :  P  was  reported  in  [5,6].  For  silicon 
doped  by  bismuth  (Si:Bi),  the  2p0  excited  state  has  a 
very  short  lifetime  (ca.  1  ps)  because  of  resonant 
interaction  with  an  optical  phonon  [9].  This  results  in 
a  relatively  small  population  of  the  split  ls(E,  T)  states, 
since  the  excited  electrons  relax  from  the  2p0  state 
directly  to  the  ls(A)  ground  state.  This  can  be  used  to 
form  a  4-level  laser  scheme  with  less  populated  lower 
levels,  the  ls(E,T)  states  (Fig.  2).  Lasing  from  the 
2p±-+ls(E)  transitions  in  optically  pumped  Si :  Bi  is 
reported  in  [7]. 


2.  Sample  preparation 

Low  compensated  (<1%)  Si:P  samples  were  grown 
by  Czochralski  (Cz)  and  float  zone  procedure  with 
simultaneous  incorporation  of  phosphor  from  the  melt. 
The  size  of  the  samples  is  7  x  7  x  5  mm3.  The  dominant 
phosphor  concentrations  in  these  samples  are  in  the 
range  (0.08-9)  x  101 5  cm-3.  A  set  of  Si  samples  with 
phosphor  concentration  N?  »  3  x  1015  cm-3  and  a  boron 
compensation  in  the  range  0.2-35%  was  prepared  from 


Fig.  2.  The  scheme  of  the  optical  and  non-radiative  transitions 
in  the  Si :  Bi  when  pumped  by  the  C02  laser  radiation:  straight 
arrow  down — far-infrared  laser  emission  from  the  2p±  ->  ls(E) 
transition;  arrow  up — the  C02  laser  pump;  and  solid  curved 
arrows  down— relaxation  of  the  photoexcited  electrons  due  to 
the  emission  of  acoustical  and  optical  phonons. 


float  zone  grown  p-Si :  B  by  neutron  (30Si(n,  y)-»31Si(P-/ 
2.6h)->31P).  Si :  Bi  samples  with  donor  concentrations 
(0.05-2)  x  1015cm~3  were  grown  using  the  float  zone 
technique.  Samples  with  different  doping  concentrations 
were  cut  in  the  form  of  rectangular  parallelepipeds 
(7x7x5  mm3)  from  the  Si  crystal  and  then  polished  to 
provide  a  high -Q  resonator.  The  crystals  with  low 
doping  concentration  (ca.  5  x  10 13  cm-3)  were  used  to 
identify  the  dominant  dopant  as  well  as  the  concentra¬ 
tion  of  the  incorporated  electrically  active  centers  by 
means  of  the  Fourier  transform  absorption  spectro¬ 
scopy. 


3.  Experimental  setup 

The  samples  were  mounted  in  a  holder  which  was 
immersed  in  a  liquid  helium  (LHe)  vessel  (Fig.  3).  A 
grating  tunable  TEA  C02  laser  with  a  peak  output 
power  up  to  2.5  MW  in  the  wavelength  range  9.2- 
10.7  pm  was  used  as  the  pump  source.  The  losses  of  the 
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Fig.  3.  The  experimental  setup  for  observation  of  the  emission 
from  Si:  (1)  pump  laser  attenuator:  (2)  photon  drag  monitor;  (3) 
pump  beam;  (4)  far-infrared  laser  beam;  (5)  Si  sample;  (6)  far- 
infrared  filters;  (7)  far-infrared  detectors;  and  (8)  detector  for 
pump  beam  alignment. 


incident  pump  power  were  estimated  to  be  about  7dB. 
The  FIR  emission  from  the  optically  pumped  Si  samples 
was  registered  by  a  LHe  cooled  Ge :  Ga  photodetector, 
mounted  in  the  same  holder.  For  measurements  of  the 
emission  spectra,  the  FIR  radiation  from  the  Si  sample 
was  guided  out  of  the  vessel  by  a  stainless  steel  light  pipe 
into  a  Fourier  transform  spectrometer  or  a  grating 
spectrometer.  An  external  Ge :  Ga  detector  was  used  to 
detect  the  signal. 


4.  Results 

All  Si ;  P  samples  doped  higher  than  5x  10 14  cm" 3 
showed  spontaneous  emission  when  pumped  by  a  C02 
laser.  The  spontaneous  emission  increases  with  increas¬ 
ing  doping  concentration.  For  these  samples,  stimulated 
emission  was  observed  for  doping  concentration  in  the 
range  jVp  =(0.8-3)  x  10l5cm  \  The  neutron  transmuta¬ 
tion  doped  samples,  which  are  heavily  compensated, 
have  a  reduced  laser  threshold.  The  C02  laser  pump 
intensity,  necessary  to  exceed  the  Si :  P  laser  threshold, 
was  about  30 kW cm"2  at  the  pump  wavelength  10.6pm 
(Fig.  4a).  The  terahertz  emission  pulse  from  the  Si ;  P 
laser  started  together  with  the  pump  pulse  and  had  a 
duration  of  70-100  ns,  comparable  with  the  full-width  of 
half-maximum  of  the  pump  laser  pulse  (Fig.  5a).  The 
spectrum  of  the  stimulated  emission  from  the  Si :  P 
sample  was  measured  by  a  grating  spectrometer  with  a 
resolution  of  0.2cm"1  (Fig.  6).  A  line  at  54.1pm  was 
recorded,  which  corresponds  to  the  2p0-Gs(T)  intra¬ 
center  P  transition. 


Fig.  4.  The  dependency  of  far-infrared  emission  from  the  Si :  P 
(a)  and  the  Si :  Bi  (b)  on  the  incident  peak  power  from  a  CO: 
laser  at  10.6  pm.  The  readings  of  the  CO:  laser  power  are  from 
the  photon  drag  monitor:  (a)  triangles  are  for  spontaneous 
emission  from  the  Si :  P  samples  with  a  phosphor  concentration 
Alp  =  9  x  10l:,cm  3  and  squares  are  for  stimulated  emission 
from  the  Si :  P  samples  with  a  phosphor  concentration 
Alp  =  3  x  1015  cm  3  and  (b)  triangles  are  for  spontaneous 
emission  from  the  Si :  Bi  sample  as  cut  with  a  bismuth 
concentration  Alp \  —  2x  I0,scm  3  and  squares  are  for  stimu¬ 
lated  emission  from  the  same  sample  after  polishing  in  order  to 
get  a  high-0  resonator. 


Stimulated  emission  was  observed  from  the  Si :  Bi 
sample  with  a  doping  concentration  of  2  x  10l5cm~3 
after  the  sample  was  polished  in  order  to  provide  a  high¬ 
er  resonator  (Fig.  4b).  The  C02  laser  pump  intensity, 
necessary  to  exceed  the  Si :  Bi  laser  threshold,  was  about 
500  kW  cm  2  at  the  pump  wavelength  10.6  pm  (Fig.  4b). 
A  delay  of  the  stimulated  emission  pulse  (50-200  ns) 
with  respect  to  the  pump  pulse  was  observed  and  the 
duration  of  the  laser  pulse  was  not  shorter  than  that  of 
the  pump  pulse  (about  l  ps)  (Fig.  5b).  The  spectrum  of 
the  stimulated  emission  from  the  Si ;  Bi  sample  was 
measured  by  a  FTS  with  a  resolution  of  0.4  cm"1 
(Fig.  7).  A  line  at  191.6cm  1  (52.2pm)  was  recorded. 
This  corresponds  to  the  2p±->ls(E)  intracenter  Bi 
transition. 
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Fig.  5.  Traces  of  pump  pulses  (up)  from  the  C02  laser  and 
terahertz  emission  pulses  from  the  Si :  P  (a)  and  the  Si :  Bi  (b), 
when  pumped  by  radiation  at  10.6  pm. 


wavenumber  (crrr1) 

Fig.  7.  The  stimulated  emission  spectrum  from  the  Si :  Bi 
sample  recorded  by  a  Fourier  transform  spectrometer. 


the  FIR  laser  emission  by  the  D-  centers  and,  as  a 
result,  the  laser  threshold.  The  measured  emission 
spectra  reveal  that  the  transitions  taking  part  in  the 
laser  schemes  are  2p0->-ls(T)  for  the  Si :  P  and  2p±-> 
ls(E)  for  the  Si:Bi.  The  latter  yields  a  value  of  the 
binding  energy  for  the  ls(E)  state  in  the  Si :  Bi  of 
30.1 4  meV.  The  temporal  behavior  of  stimulated  emis¬ 
sion  pulse  from  the  Si :  Bi  suggests  that  multi-valley 
phonon  processes  are  involved.  This  requires  further 
investigation.  We  conclude  that  far  and  mid-infrared 
emission  from  intracenter  optical  transitions  can  be 
obtained  in  a  number  of  elemental  semiconductors  and 
compounds  doped  by  shallow  impurities. 


50  60  70  80  90  100 

wavelength  (pm) 


Fig.  6.  The  stimulated  emission  spectrum  from  the  Si :  P  sample 
recorded  by  a  grating  spectrometer. 


5.  Summary 

The  experiments  yield  an  optimum  doping  concentra¬ 
tion  for  the  Si :  P  laser  of  Ad  -  N\  =(3-4)  x  1015cm-3 
with  a  compensation  Aa/Ad^0.3.  Similar  values  are 
expected  for  the  Si :  Bi  laser.  Compensation  of  the 
samples  reduces  the  concentration  of  D~  centers.  This 
reduces  the  internal  optical  losses  due  to  absorption  of 
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Abstract 


A  density-matrix-based  formalism  is  presented  to  extract  activation  parameters  for  the  reorientational  motion  of  an 
interstitial  B  defect  in  Si.  a  center  created  by  ion  implantation.  /7-radiation  detected  nuclear  magnetic  resonance 
(/7-NMR)  data  show  beginning  mobility  at  7**240  K.  At  T  =  410  K  the  signal  is  lost  even  though  'the  center  is  still 
present.  The  activation  energy  for  its  reorientation  in  p-type  Si  is  determined  to  be  EA  =  0.53(2)  eV.  f  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

PACS:  61.72.Tl;  66.30 .Jt;  82.56.Lz 
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1.  Introduction 

Doping  by  ion  implantation  is  state  of  the  art  in  Si 
device  technology.  In  order  to  model  the  final  dopant 
distributions  during  and  after  the  subsequent  annealing 
step,  precise  diffusion  data  of  the  involved  impurities 
and  defects  are  needed.  Conventionally,  this  information 
is  obtained  by  various  types  of  tracer  experiments,  where 
diffusion  profiles  are  measured  and  analyzed.  However, 
this  access  has  limitations.  First,  these  experiments  are 
often  restricted  to  high  temperatures.  Second,  the 
information  represented  by  a  diffusion  profile  is  a 
somewhat  “integral”  one.  in  the  sense  that  the  individual 
diffusing  atom  cannot  be  monitored  directly  in  its  jump 
process,  but  only  the  combined  result  of  the  motion  of 
all  involved  species.  It  is  very  desirable,  therefore,  to 
supplement  the  profiling  data  by  spectroscopic  informa¬ 
tion  on  the  details  of  the  diffusion  process. 

In  this  paper  we  want  to  describe  a  stochastic  model 
developed  to  extract  quantitative  activation  parameters 
for  the  reorientational  motion  of  an  interstitial  B  center 
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in  Si.  This  defect  is  created  by  ion  implantation  and 
observed  for  T  =  30-410  K.  Although  the  model  was 
developed  specifically  for  the  interpretation  of  ^-radia¬ 
tion  detected  nuclear  magnetic  resonance  (fj-NMR) 
spectra,  it  should  be  easily  adaptable  to  any  other 
magnetic  resonance  technique. 

The  first  /?- NMR  observation  of  the  interstitial  B 
defect  in  question,  labeled  B,  in  the  following,  was 
reported  in  Refs.  [1,2]  after  implantation  of  1:B  in  Si.  It 
is  diamagnetic  and  observed  in  p-type,  intrinsic,  and 
weakly  n-type,  but  not  in  n~  Si.  Its  symmetry  is  not 
higher  than  Cv  and  it  is  characterized  by  an  axially 
symmetric  electric  field  gradient  (EFG)  with  a  quad- 
rupolar  coupling  constant  of  e2cjQ/h  =  -360(15)  kHz. 
Later  on,  the  marked  temperature  dependence  of  the  Bj- 
signal  intensity  in  differently  doped  samples  was 
investigated  by  Frank  et  al.  [3]  and  qualitatively 
explained  as  a  reorientational  motion  of  the  center, 
i.e.,  a  change  of  the  defect  axis  from  one  <111) 
direction  to  another.  There  is  experimental  evidence,  but 
no  final  proof,  that  this  reorientation  is  the  elementary 
step  of  a  true  migration  through  the  lattice.  The  B, 
diffusion  parameters  provide  important  clues,  therefore, 
to  the  understanding  of  the  so-called  “transient  en¬ 
hanced  diffusion”  of  implanted  B  in  Si.  a  technologically 
important  effect  known  to  involve  B,  migration  [4]. 
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Several  common  properties  suggest  that  the  described 
/?-NMR  center  is  identical  to  the  one  discovered  and 
described  much  earlier  by  Watkins  and  coworkers  [5-8]. 
There,  it  was  created  by  low-temperature  electron 
irradiation  of  Si:B  and  characterized  by  EPR  and 
DLTS.  The  assumption  is  that  /LNMR  and  EPR 
measure  the  same  defect  in  different  charge  states 
(positive  and  neutral,  respectively).  The  question  is  not 
finally  settled,  however,  and  in  the  following  we  will  not 
be  concerned  with  the  structure  but  only  with  the 
diffusion  properties  of  the  center. 


2.  Theory 

Our  goal  is  to  calculate  the  nuclear  polarization  P  = 
( Iz )  /Ih  via 

<£>  =  Tv(pL\  (1) 

where  p  is  the  density  matrix  of  our  system  which  has  to 
be  determined.  Its  evolution  in  time  is  described  by  the 
Liouville  equation 

P  =  \\P>^]-  (2) 

The  Hamiltonian  under  consideration  can  be  written  as 

+  ^RF>  (3) 

where  the  first  two  terms  denote  the  nuclear  Zeeman  and 
quadrupole  interaction  and  the  last  one  the  interaction 
of  the  spins  with  the  RF  field.  We  now  turn  to  averages 
over  the  p  lifetime,  which  are  actually  observed  in  our 
experiments 

p  =  X  [  p(t)  exp  (-At)  At,  (4) 

Jo 

with  X  =  1  /t (j.  Writing  Eq.  (4)  for  p  instead  of  p  we  can 
partially  integrate  the  right-hand  side  and  obtain 

-p  =  i[p-Pm=\[p^n,  (5) 

where  p(0)  represents  the  known  spin  polarization  at 
t  =  0.  If  does  not  explicitly  depend  on  time  this  can 
be  rewritten  as 

AP  ~  P(0)]  =  \  [p,  Jf]  =  -i Lp.  (6) 

The  Liouville  operator  L,  defined  on  the  right-hand  side 
of  Eq.  (6),  is  a  matrix  of  rank  (21 +  l)2.  Finally,  we  can 
rearrange  Eq.  (6)  as 

P  =  (X  +  iLf'XpiO).  (7) 

For  a  single  Hamiltonian,  i.e.,  one  specific  orientation  of 
our  defect  center,  Eq.  (7)  is  the  solution  of  our  problem. 
It  represents  a  simple  linear  equation  system,  which  can 
be  solved  numerically.  The  main  advantage  of  this 
special  formulation  is,  however,  that  it  can  easily  be 


extended  to  include  stochastic  jumps  between  different 
configurations,  i.e.,  Hamiltonians. 

In  case  of  N  possible  defect  states  we  can  write 

N 

P  =  J2  Pk  ■  (8) 

k=l 

The  equation  of  motion  including  jump  processes  then 
reads 

Pj  =  -^P,  ~  J2  ( w*Pj  ~  WkjPk)>  (9) 

where  wjk  is  the  jump  frequency  from  site  j  to  site  k.  In 
our  specific  C3V  case  we  have  N  =  4  and  all  exchange 
jumps  are  equivalent.  Therefore,  we  can  replace  the  wjk 
by  one  common  rate  w,  which  we  assume  to  be  thermally 
activated  according  to  w(T)  —  w0  exp(-EA/kBT). 

Using  the  abbreviation  £*  =  3w  +  X  +  i L*  we  arrive 
at  the  final  master  equation 

L\  -w  ~W\/Pi\  ( Pii 0) 

—w  L2  -w  —w  p2  p2(0) 

~  —  X 

—w  —w  £3  —w  p3  p3(0) 

\—W  —w  —W  £4  /  V  £4  /  \p4(ty 

Substituting  Eq.  (10)  into  Eq.  (1)  and  implementing  a 
linear-equation  solver  into  a  standard  least-squares 
algorithm,  we  can  fit  the  calculated  P(T)  values  directly 
to  our  data.  Since  all  Hamiltonians  are  determined  by 
experiment,  we  have  only  three  free  fit  parameters: 
wo,  Ea,  and  a  common  amplitude  factor. 

So  far,  we  have  assumed  a  stationary  Hamiltonian 
which  is  inappropriate,  of  course,  for  the  RF  term  of 
Eq.  (3).  The  time  dependence  of  rf  is  usually 
eliminated  by  going  to  a  rotating  coordinate  system. 
This  requires  a  first-order  treatment  of  however, 
and  therefore  neglects  all  spin-lattice  relaxation  effects 
due  to  the  reorientational  fluctuations  of  its  off-diagonal 
elements.  Since  this  can  be  a  very  effective  relaxation 
mechanism,  such  a  limitation  is  not  always  acceptable. 
To  overcome  this  problem  we  stick  to  an  exact  treatment 
of  Jfg  in  laboratory  coordinates  and  use  the  fact  that 
contains  only  one  single  frequency  co. 

We  extend  our  former  equation  of  motion  to 

AP  -  pm  -  (-i£o  +  W)p  +  Li(e1"'  +  e-“")p,  (1 1) 

where  the  first  and  second  terms  on  the  right-hand  side 
represent  the  stationary  and  the  time-dependent  con¬ 
tribution  to  Jf1,  respectively,  p  is  the  lifetime-averaged 
(the  bar  has  been  dropped  for  better  readability)  density 
matrix  representing  all  different  lattice  sites  and  W  is  the 
jump  matrix  containing  all  w  terms  of  Eq.  (10).  p  is 
expanded  in  a  Fourier  series 

p  = 


(12) 
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and  by  collecting  coefficients  we  obtain 
l[p"  -  p"(0)]  =  [— i(Ln  -  mo)  +  W\pn 

+  Lt(p"~' +p"'),  (13) 

where  p”( 0)  =  <)„.np(0).  Now  we  discard  all  higher  orders 
of  /rf  and  keep  only  n=  -1,0,1.  Physically,  this 
means  that  multi-quantum  transitions,  the  simultaneous 
absorption  of  two  or  more  RF  quanta,  are  neglected. 
This  way,  we  obtain  our  final  expression 

V  =  [-i(Li,  -  (»)  +  W]pl  +  L\pu, 

V  =  [~\U  +  W]pn  +  L,(p-'+p')  +  ).p(  0), 

}.p~'  =  [-i(L„  +  o>)  +  W]p~'  +  L\pn,  (14) 

an  equation  system  with  additional  couplings  by  the  L\ 
terms,  three  times  larger  than  Eq.  (10)  but  still  quite 
manageable  on  modern  workstations. 


3.  Experimental 

A  1.5-MeV  deuteron  beam  is  used  to  produce 
radioactive  12B  probe  nuclei  (lifetime  r //  =  29.4  ms,  spin 
7=1).  A  spin-polarized  sub-ensemble  is  collected  by 
recoil-angle  selection  and  continuously  implanted  in  the 
samples.  The  wide-spread  recoil  energies  of  ~  0-500  keV 
result  in  a  flat  implantation  profile  with  <7m.,x  »  1 .2  pm. 
In  radioactive  equilibrium  we  have  about  2  x  104  ,2B 
nuclei  simultaneously  in  the  sample,  which  is  kept  in  a 
magnetic  field  Bo  and  can  be  exposed  to  a  depolarizing 
(RF)  field  B\.  The  lifetime-averaged  ,:B  polarization  is 
detected  from  the  north/south  asymmetry  of  the  /Fray 
angular  distribution  (“/?  asymmetry”).  More  experimen¬ 
tal  details  of  implantation  /FNMR  can  be  found,  e.g.,  in 
Ref.  [9]. 

The  m  substates  of  the  12 B  spins  are  populated  like 
P)  :/;<)  :/7„i  %0.4 :  0.3  : 0.3  under  our  experimental  con¬ 
ditions,  a  rather  accidental  result  of  recoil  polarization. 
In  consequence,  we  cannot  detect  any  (m  =  0<->  -  1) 
transitions  in  our  RF  scans. 


4.  Measurements  and  results 

In  Fig.  1  we  plotted  the  amplitude  of  one  Bj  resonance 
in  p-Si  (I0,sB/cm3)  vs.  temperature.  The  data  were 
measured  in  a  slow  temperature  sweep  (1  K/min)  by 
irradiating  the  resonance  of  the  low-frequency  doublet 
of  quadrupole  satellites  (see  the  inset  of  Fig.  1).  The  RF 
was  on/off  modulated  at  a  rate  of  0.25  s_1  and  the  rf- 
induced  polarization  change  was  recorded.  The  crystal 
orientation  was  <  1  10)  ||  Bo,  where  the  defect  orienta¬ 
tions  are  pairwise  equivalent.  A  frequency  modulation 
of  ±20  kHz  was  applied  to  ensure  complete  depolariza- 


Temperature  (K) 


Fig.  1.  Temperature  dependence  of  the  B,-resonance  intensity  in 
p-typeSi.  Bd  =  0.4  T,  <110>||B„.  BUoX  =  0.22  mT,  ±  20kHz 
FM.  The  inset  shows  a  spectrum  of  the  center  (for  Bn  close  to 
<  1 00  > ),  the  central  line  is  due  to  substitutional  B.  The  detected 
resonance  is  indicated  by  the  double  arrow.  The  solid  line  is  a  fit 
of  the  stochastic  reorientation  model.  See  text  for  more  details. 


tion  even  in  the  presence  of  an  inhomogeneous  broad¬ 
ening  or  a  slight  misalignment  of  the  crystal. 

Qualitatively,  the  figure  shows  three  temperature 
regimes.  At  low  temperatures,  Bj  is  immobile  and  the 
detected  signal  is  small  since  only  two  out  of  four  defect 
orientations  are  detected.  At  7%  240  K,  we  have  one 
reorientational  jump  per  t The  signal  increases  in  the 
following  since  now  all  interstitial  12B  becomes  (sooner 
or  later)  resonant  at  the  irradiated  frequency.  The 
subsequent  decrease  for  T  >  310  K  has  two  reasons:  (i) 
the  reorientation  is  so  fast  now,  that  the  RF  can  no 
longer  saturate  the  resonance,  and  (ii)  the  aforemen¬ 
tioned  spin-lattice  relaxation  which  unavoidably  accom¬ 
panies  the  reorientation  process. 

The  solid  line  in  Fig.  1  is  a  fit  of  the  formalism 
described  in  Section  2.  It  assumes  the  Bj  fraction  to  be 
constant  over  the  whole  temperature  range  and  de¬ 
scribes  the  data  well.  Especially  the  signal  loss  for 
7  >400  K  has  nothing  to  do  with  a  disappearance  of  the 
defect,  we  are  simply  no  longer  able  to  detect  it.  For  the 
Bj  reorientation  we  obtain  the  following  parameters: 

»•,)  =  10"  7,:"  s~\  E\  =  0.53(2)  eV. 

We  would  like  to  point  out  that  an  Arrhenius  ansatz  for 
B;  reorientation  is  justified  only  in  p^-Si.  It  was  shown  in 
Ref.  [3]  that  in  intrinsic  or  n-type  material  the 
reorientation  rates  are  enhanced  by  charge-state  cycling. 
An  implementation  of  Shockley-Read-Hall  recombina¬ 
tion  rates  into  our  formalism  is  straightforward  and 
currently  underway. 
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Abstract 

We  have  applied  deep-level  transient  spectroscopy  (DLTS)  under  uniaxial  compressive  stress  to  study  the  structure  of 
a  platinum-  and  hydrogen-related  defect,  which  has  a  gap  state  at  0.14eV  below  the  conduction  band  minima  in  Si.  The 
application  of  <  1  00)  and  <111)  stresses  split  the  DLTS  peak  of  the  defect  into  two  components  with  intensity  ratios 
of  2.7: 1  and  1.4:  1,  respectively,  which  were  the  ratios  of  the  low-temperature  peak  to  the  high-temperature  peak. 
Under  <110)  stress,  this  peak  split  into  three  components  as  an  intensity  ratio  of  two  lower-temperature  peaks  to 
the  high-temperature  peak  was  1.4:5:  1.  In  addition,  we  observed  the  stress-induced  alignment  of  the  defect  to 
the  configuration  corresponding  to  the  low-temperature  DLTS  peak  during  the  DLTS  scan  in  the  temperature  range  of 
65-100  K,  for  all  stress  directions.  Our  results  provide  the  first  evidence  to  connect  the  electronic  level  at  £c-0.14eV  to 
the  atomic  configuration  of  the  Pt-H2  complex  with  the  C2v  symmetry  previously  identified  by  EPR.  T  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

PACS:  61.72.Hh:  61.72.Yx;  7L55.Cn:  71.70.Fk 

Keywords:  DLTS:  Platinum-hydrogen  complex:  Silicon:  Stress-induced  splitting 


1.  Introduction 

Hydrogen  is  widely  known  to  interact  with  transition- 
metal  (TM)  impurities  in  silicon  and  form  various  TM- 
hydrogen  complexes.  As  a  result,  hydrogen  causes  the 
passivation  of  TM  impurities  or  gives  rise  to  new 
electronic  states  in  the  bandgap.  In  most  cases,  these 
complexes  have  been  detected  by  deep-level  transient 
spectroscopy  (DLTS)  since  their  formation  often  results 
in  the  appearance  of  new  electronic  levels  [1-4],  or  the 
disappearance  of  the  deep  levels  related  to  TM 
impurities.  DLTS  is  useful  to  investigate  the  properties 
of  electronic  levels  related  to  TM-hydrogen  complexes, 
but  provides  no  information  about  their  structures.  On 
the  other  hand,  electron  paramagnetic  resonance  (EPR) 
is  a  powerful  technique  to  study  the  electronic  states  and 
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atomic  configurations  of  complexes.  However,  EPR 
cannot  make  the  exact  determination  of  their  electronic 
levels.  Thus,  there  have  often  been  some  missing  rings  of 
a  chain  to  connect  the  electronic  states  of  defect 
complexes  to  their  structural  information. 

Using  DLTS  under  uniaxial  stress,  termed  as  stress 
DLTS,  we  can  obtain  more  detailed  microscopic 
information,  which  is  not  given  by  standard  DLTS.  If 
the  electronic  state  of  a  defect  whose  symmetry  is  lower 
than  that  of  the  host  crystal  is  orbitally  singlet,  the  stress 
may  lift  its  orientational  degeneracy.  In  stress  DLTS. 
this  is  observed  as  the  splitting  of  a  DLTS  peak,  and  the 
relative  intensities  of  the  split  peak  components  reflect 
the  symmetry  of  the  defects  [5]. 

One  of  typical  TM  impurities,  platinum,  in  Si  has 
been  known  to  form  various  hydrogen-involved  com¬ 
plexes  to  produce  deep  levels  in  the  bandgap.  Among 
such  complexes,  one  complex  (Pt-H2)  involving  two 
hydrogen  atoms  was  identified  by  EPR  combined  with 
infrared  (IR)  absorption  spectroscopy  under  uniaxial 
stress  [6].  A  recent  DLTS  study  using  depth  profiling 
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technique  has  proposed  the  determination  of  the  number 
of  hydrogen  atoms  involved  in  various  platinum- 
hydrogen  complexes  [4],  and  has  concluded  that  the 
complex  having  the  electronic  level  at  Ec  —  0.18eV  is 
Pt-H2  identified  by  EPR.  Direct  evidence  is,  however, 
still  lacking. 

In  the  present  paper,  we  report  on  the  first  attempt  to 
apply  stress  DLTS  technique  to  study  the  structure  of  a 
platinum-  and  hydrogen-related  complex,  which  has  an 
electronic  level  at  Ec  -  0.14  eV.  Considering  the  intensity 
ratios  of  split  peaks  under  <100),  <111)  and  <110) 
stresses  and  the  stress-induced  alignment  of  the  complex 
observed  during  the  DLTS  scan,  we  determine  the 
symmetry  of  the  complex  as  C2v  and  provide  the  first 
evidence  to  connect  the  electronic  level  at  Ec  -  0.14eV 
to  the  atomic  configuration  of  the  Pt-H2  complex 
previously  identified  by  EPR. 

2.  Experimental  procedure 

We  used  n-type  FZ  silicon  crystal  ingots,  which  had  a 
phosphorus  density  of  5.9  x  1014cm-3.  For  stress 
experiments,  many  samples  were  cut  from  the  ingots 
into  square  pillars  with  dimensions  of  1  x  1  x  6  mm3,  the 
longest  of  which  was  parallel  to  the  <111),  <110)  or 
<100)  direction.  Platinum  was  evaporated  on  one  side 
of  the  samples,  which  were  subsequently  annealed  at 
850°C  for  2h  in  an  argon  atmosphere  for  the  indiffusion 
of  platinum.  After  the  diffusion,  the  platinum-evapo¬ 
rated  face  of  the  samples  was  mechanochemically 
polished  to  remove  the  platinum  remaining  on  the 
surface.  Hydrogen  was  injected  into  the  platinum- 
diffused  samples  by  chemical  etching  (HF :  HN03: 
CH3COOH=  1 : 2 : 1)  before  the  fabrication  of  Schottky 
contacts,  which  were  formed  by  vacuum  evaporation  of 
gold  on  the  polished  and  etched  surface.  Capacitance 
DLTS  measurements  were  performed  with  a  reverse 
bias  of  5  V  and  a  filling  pulse  of  5  V  at  rate  windows 
of  1 16—928  s—  1  under  uniaxial  compressive  stress  of 
0.6-1  .OGPa  applied  to  the  samples  along  their  longest 
dimension.  The  stress  was  applied  to  the  samples  at  the 
minimum  temperature  (typically  63  K)  at  which  the 
DLTS  scan  started,  and  was  held  during  the  DLTS  run 
up  to  100K  and  above. 


3.  Results 

A  typical  DLTS  spectrum  taken  at  an  emission  rate 
et  =  116  s^1  is  shown  in  Fig.  1.  Two  dominant  peaks, 
labeled  El  and  Pt,  appears  at  85  and  125  K,  respectively, 
and  two  small  peaks,  labeled  E2  and  E3,  are  seen  at  160 
and  270  K,  respectively.  The  electronic  levels  and 
the  electron-capture  cross  sections  of  these  peaks 
are  listed  in  Table  1.  The  activation  energy  and  the 


T emperature  (  K  ) 

Fig.  1.  DLTS  spectrum  recorded  at  an  emission  rate 
et  =  1 1 6  s_  1  of  platinum-doped  n-type  silicon.  No  stress  was 
applied  during  the  DLTS  scan.  The  energy  levels  and  electron 
capture  cross  sections  of  the  peaks  are  listed  in  Table  1 . 


electron-capture  cross  section  of  the  Pt  peak  agree 
with  those  reported  to  be  assigned  to  the  acceptor  level 
(Pt-^0)  of  substitutional  platinum  [3].  The  activation 
energies  of  El  and  E3  peaks  are  comparable  with  those 
of  two  Pt-  and  H-related  levels  reported  in  the  literature 
[3,4],  where  they  are  labeled  E(90)  and  E(250),  respec¬ 
tively.  We  therefore  tentatively  assign  these  three  peaks 
as  indicated  in  Table  1.  The  E2  was  detected  in  all  of  our 
samples,  while  it  has  not  been  reported  so  far.  So,  we 
conclude  that  the  E2  peak  is  due  to  an  unidentified 
defect  unique  to  our  Si  crystal  and  experimental 
procedure.  In  the  present  work,  we  concentrate  our 
attentions  on  the  stress-induced  peak  splitting  of  the 
El  peak. 

Fig.  2  shows  the  DLTS  spectra  of  the  El  peak 
recorded  under  uniaxial  stresses  along  with  <111) 

(a) ,  <100)  (b),  and  <110)  (c)  directions,  shown  by 
solid  curves.  In  Fig.  2(b)  and  (c),  dashed  curves 
represent  the  fitting  using  the  usual  DLTS  function 
and  dotted  curves  represent  spectra  recorded  under  no 
stress,  while  these  curves  are  not  shown  in  Fig.  2(a)  for 
legibility.  Under  compressive  stresses  along  the  <111) 
and  <100)  directions,  we  observed  clear  splitting  of  the 
El  peak  into  two  components,  as  shown  in  Fig.  2(a)  and 

(b) .  In  Fig.  2(b),  the  emission  rate  is  increased  to 
1856  s-1  to  shift  the  split  peaks  toward  high  tempera¬ 
tures,  which  are  higher  than  the  lowest  attainable 
temperature  (63  K)  in  our  DLTS  system.  From  the 
fitting,  we  have  determined  that  the  intensity  ratios  of 
low-  to  high-temperature  split  peaks  is  1 .4 : 1  for  <  1  1  1 ) 
stress,  and  2.7:1  for  <100)  stress.  Under  a  <110) 
stress,  we  obtained  that  the  El  peak  split  into  three 
components  as  shown  in  Fig.  2(c)  by  increasing 
the  emission  rate  to  4332  s-1.  From  the  fitting,  we  have 
determined  that  the  intensity  ratio  of  lower-  to  high- 
temperature  split  peaks  is  1 .4 :  5  : 1  for  <  1  1  0  )  stress.  In 
addition,  we  observed  an  interesting  feature  that  the 
second  DLTS  scan  produced  a  quite  different  spectrum 


242 


K.  Fukucla  et  at.  /  Physica  B  308  -310  (2001)  240  -243 


Table  1 

Energy  levels  and  capture  cross  sections  of  the  deep  levels  shown  in  Fig.  1 


Label 

Activation  energy  (eV) 

Capture  cross  section  (enr) 

El 

Ec-  0.14 

9x  10  16 

Pt 

£c  -  0.22 

1  x  10  15 

E2 

£c  -  0.27 

5x  10  16 

E3 

£c  -  0.55 

5  x  10 

Assignment 

Pt  H  related 
Pt  0 

Unidentified 
Pt-H  related 


Fig.  2.  DLTS  spectra  of  the  El  peak  due  to  a  Pt-  and  H-reluted  complex  in  Si  under  uniaxial  compressive  stresses.  Solid  curves  indicate 
the  spectra  recorded  at  e,  =  1 16  s  1  under  a  stress  of  1  GPa  along  with  the  <  I  1  1  >  direction  (a),  at  et  =  1856  s  1  under  a  stress  of 
0.6 GPa  along  the  <100)  direction  (b).  and  at  ex  =  4332s  1  under  a  stress  of  I  GPa  along  the  <  1  1  0  >  direction  (c).  In  (b)  and  (c). 
dashed  curves  represent  the  fitting  using  the  usual  DLTS  function  and  dotted  curves  represent  spectra  recorded  under  no  stress,  while 
these  curves  are  not  shown  in  (a)  for  legibility.  In  (a),  a  solid  curve  was  recorded  by  the  first  DLTS  scan,  and  a  dashed-dotted  curve  was 
recorded  by  the  second  scan. 


(the  dashed-dotted  curve  in  Fig.  2(a)),  where  the  low- 
temperature  peak  increases  with  correlated  decreasing  of 
the  high-temperature  peak.  This  strongly  suggests  that 
the  stress-induced  alignment  of  the  defect  to  the 
configuration  corresponding  to  the  low-temperature 
DLTS  peak  occurred  during  the  two  DLTS  scans  in 
the  temperature  range  of  65-100  K.  We  also  observed 
similar  signature  in  the  spectra  taken  by  the  second 
DLTS  scan  under  both  <100)  and  <  1  I  0 >  stresses. 


4.  Discussion 

Uniaxial  stress  generally  splits  not  only  a  defect  level 
but  also  the  conduction  band.  Since  DLTS  detects  the 
thermal  emission  of  an  electron  from  the  defect  level  to 
the  conduction  band,  we  substantially  observe  the 
energy  difference  between  all  of  the  split  defect  levels 
and  the  lowest-energy  component  of  the  split  conduc¬ 
tion  band.  Therefore.  DLTS-peak  splitting  is  due  to 
the  splitting  of  the  defect  level.  If  the  ground  state  of  the 
defect  is  a  singlet  with  a  symmetry  lower  than  that  of 
the  host  lattice,  the  peak  splitting  results  from  the  lift  of 
orientational  degeneracy  of  the  defect  and  reflects  the 
symmetry  of  the  defect.  From  theoretical  consideration, 
Kaplyanskii  summarized  the  multiplicity  of  orienta¬ 


tional  degeneracy  for  all  the  possible  defect  symme¬ 
tries  in  a  cubic  lattice,  together  with  the  number  of 
components  of  the  splitting  and  the  residual  multiplicity 
of  orientational  degeneracy  under  <100),  <1  I  0>  and 
<  I  1  1 )  stresses  [7].  Only  the  rhombic-I  symmetry  is 
consistent  with  our  results  in  view  of  the  number  of 
components  of  the  splitting,  though  the  residual  multi¬ 
plicity  of  orientational  degeneracy  does  not  completely 
agree  with  the  intensity  ratios  of  split  DLTS  peaks. 
However,  if  we  consider  that  the  stress-induced  align¬ 
ment  of  the  defect  to  the  configuration  corresponding  to 
the  low-temperature  DLTS  peak  occurs  during  the 
DLTS  scan,  the  intensity  ratios  of  split  DLTS  peaks 
before  the  alignment  should  be  3  : 3,  1:4:1  and  4 : 2  for 
<111),  <  I  1  0)  and  <100)  stress  directions,  respec¬ 
tively.  Among  all  rhombic-I  centers,  only  those  with  C2v 
symmetry  are  possible  in  the  lattice  with  Td  symmetry. 
Therefore,  we  conclude  that  the  defect  responsible  for 
the  El  peak  has  C2v  symmetry  and  is  identified  as  the 
Pt  H2  complex  previously  observed  by  EPR. 


5.  Conclusions 

We  have  applied  DLTS  under  uniaxial  com¬ 
pressive  stress  up  to  1  GPa  to  study  the  structure  of  a 


K.  Fukuda  et  al.  j  Physica  B  308-310  (2001)  240-243 


243 


platinum-  and  hydrogen-related  defect,  which  has 
an  energy  level  at  £c-0,14eV  in  Si.  The  application 
of  <100)  and  <111)  stresses  split  the  DLTS  peak 
into  two  components  with  intensity  ratios  of  2.7 : 1  and 
1.4: 1,  respectively,  which  were  the  ratios  of  the  low- 
temperature  peak  to  the  high-temperature  peak.  Under 
<110)  stress,  this  peak  splits  into  three  components 
as  the  intensity  ratio  of  two  lower- temperature  peaks  to 
the  high-temperature  peak  is  1.4:5: 1.  In  addition,  we 
observed  that  repeated  DLTS  scans  at  63-1 50  K  under 
uniaxial  stresses  induced  the  low-temperature  peak  to 
grow  with  decaying  high-temperature  peak.  This  ob¬ 
servation  implies  that  the  defect  was  aligned  under 
applied  stresses  to  the  configuration  corresponding  to 
the  low-temperature  DLTS  peak.  Considering  the 
influence  of  stress-induced  alignment  on  the  intensity 
ratios  of  split  DLTS  peaks,  we  have  determined  that 
the  defect  has  the  C2V  symmetry,  which  should  have 
such  ratios  of  orientational  degeneracy  as  4:2  under 
<100)  stress,  1:4:1  under  <110)  stress  and  3 : 3 
under  <111)  stress.  Therefore,  we  have  identified  our 
DLTS  peak  as  arising  from  the  Pt-H2  complex 
previously  identified  by  EPR.  Thus,  our  results  provide 
the  first  experimental  evidence  to  connect  the  atomic 
configuration  of  the  Pt-H2  complex  to  its  electronic  state 
and  also  evidence  for  its  stress-induced  alignment. 
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Abstract 

Nitrogen  doping  attracts  attention  because  it  reduces  void  defects  drastically.  But  the  mechanism  has  not  been 
clarified  yet.  Various  configurations  of  nitrogen  have  been  proposed  by  using  the  first  principles  calculation  but  there  is 
no  description  how  the  stress  plays  a  role  in  determining  these  nitrogen  configurations.  We  reveal  normal  vibration 
modes  corresponding  to  well-known  infrared  absorption  peaks  at  766  and  963  cm'  1  of  nitrogen  split  interstitial  (N-N) 
and  derive  force  constants  for  bond  stretching  and  bond  bending.  Local  strain  energy  near  nitrogen  is  calculated  for  the 
optimized  structures  of  N-N,  nitrogen-vacancy  complex,  substitutional  N  and  interstitial  N.  As  a  result,  it  is  found  that 
in  structures  of  N-N  and  N2-V2  with  filled  electron  orbitals,  strain  energy  plays  an  important  role  in  the  determination 
of  the  stable  structure.  C  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  Nitrogen:  Silicon:  Molecular  orbital:  Valence  force;  Infrared  absorption 


1.  Introduction 

Nitrogen  doping  has  attracted  much  attention  be¬ 
cause  it  reduces  void  defects  drastically.  But  the 
mechanism  has  not  been  clarified  yet.  There  are  two 
important  nitrogen  configurations,  split  interstitial  N 
pair  (N-N  complex)  [1]  and  N2-Vv  complexes  at  high 
temperature  [2].  The  N-N  complex  is  considered  to  be 
related  to  the  infrared  absorption  peaks  at  766  and 
963  cm-1  and  N2-Vv  complexes  are  related  to  void 
defect  formation.  Stress  within  these  configurations 
plays  an  important  role  in  determining  detailed  atomic 
configuration  and  defect  formation.  We  have  studied  the 
role  of  stress  in  the  defect  formation  and  point  defect 
kinetics  in  silicon  crystals  by  the  continuum  elasticity 
treatment  [3].  For  the  case  of  nitrogen  which  mainly 
locates  in  interstitial  site,  the  valence  force  treatment 
seems  to  be  a  better  way  to  reveal  the  atomic  level 
behavior  related  to  stress.  However,  in  the  cases  of 
substitutional  nitrogen  it  was  reported  to  be  unsuccess¬ 
ful  [4].  We  have  made  a  preliminary  study  on  nitrogen 
configuration  determination  using  the  force  constants  of 
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silicon,  because  there  have  been  no  reliable  data  for  Si- 
N  [5].  Valence  force  analysis  on  interstitial  oxygen  has 
succeeded  in  explaining  the  infrared  absorption  spec¬ 
trum.  In  this  study,  we  clarify  the  normal  vibration 
modes  of  N-N  complex  by  the  semi-empirical  molecular 
orbital  (MO)  method.  As  a  result,  it  is  found  that  the 
well-known  766  and  963  cm  1  peaks  correspond  to  the 
antisymmetric  stretching  modes  of  H20-type  nonlinear 
three-atom  molecule  and  BF3-type  planar  four-atom 
molecule.  By  using  the  relationship  between  force 
constants  and  frequencies  of  these  normal  vibrations, 
force  constants  of  nitrogen-silicon  bonds  related  to 
stretch  component  and  bending  component  are  deter¬ 
mined.  The  strain  energies  of  unrelaxed  and  optimized 
structures  of  N-N  complex  and  N2-V2  complex  are 
calculated  by  using  these  force  constants.  It  is  found  that 
the  strain  energy  plays  an  important  role  in  the 
determination  of  optimized  structure.  The  strain  energy 
for  substitutional  nitrogen  and  interstitial  nitrogen  is 
also  calculated  and  discussed. 


2.  Analysis 

The  semi-empirical  MO  method  is  employed  for  the 
calculation  of  stable  structure,  normal  vibration  mode 
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and  vibration  frequency  of  N-N  complex.  For  this 
purpose,  Si2N2(Si2H5)2(SiH3)4  cluster  including  Si2N2 
rectangle  terminated  by  hydrogen  was  used  as  shown  in 
Fig.  1.  We  used  the  program  “MOPAC2000”  and 
MNDO-d  (modified  neglect  of  diatomic  overlap  with 
d-orbital)  Hamiltonian  is  adopted  under  a  precise 
convergent  condition. 

Using  the  valence  force  field  model  [6]  we  can  estimate 
the  atomic-level  strain  energy  for  the  present  cases. 
Keating  defined  the  quantity  Xmn  satisfying  the  transla¬ 
tional  invariance  and  the  rotational  invariance  of  strain 
energy  as  follows: 

^  _ Xj»  •  x„  —  X,„  •  X„  /,1  ^ 

''■nm  —  ^  5  vU 

where  X  and  x  indicate  displacements  before  and  after 
deformation  and  a  is  lattice  constant  as  shown  in  Fig.  2. 
Stretch  component  Ea  and  bending  component  Ep  of 
strain  energy  are  given  by  the  following  equations: 

£>=5«EA».»’  (2) 

m,  n=  1 

ty  =  P  E  £.•  (3) 

m=l,  n>m 

a  and  /?  denote  force  constants  related  to  stretch  and 
bending,  respectively.  These  are  found  as  194.1  and 
55.28  N/m  in  crystalline  silicon.  Infrared  absorption 
normal  modes  of  molecules  are  generally  analyzed  using 
the  valence  force,  and  this  is  applicable  to  local 
vibrational  mode  of  impurities  as  confirmed  in  the  case 
of  oxygen,  in  which  the  above  force  constants  are 
obtained  by  solving  the  equation  between  the  frequen¬ 
cies  of  normal  mode  of  molecule  and  the  force 
constants.  In  the  case  of  H20,  the  equation  between 
the  vibrational  frequencies  of  the  antisymmetric  stretch 


(j 


U 


Fig.  1.  Si2N2(Si2H5)2(SiH3)4  cluster  which  includes  Si2N2  rec¬ 
tangle  structure.  Black,  large  gray  and  small  gray  spheres 
represent  nitrogen,  silicon  and  hydrogen,  respectively. 


Fig.  2.  Schematic  of  valence  force  treatment.  Introduced 
quantity  satisfies  translation  invariance  and  rotational  invar¬ 
iance.  X  and  x  denote  displacements  before  and  after 
deformation. 

mode  and  the  stretch  force  constant  is 

4n2v2  =  (\  +  — ^  sin2^^  — ,  (4) 

V  rn0  Jmu 


where  v  is  frequency,  m  and  0  denote  mass  of  species  and 
half  of  the  bond  angle,  respectively.  In  contrast,  in  the 
case  of  BF3, 


Suffix  AS  and  AB  mean  antisymmetric  stretch  vibration 
and  antisymmetric  bending  vibration. 

By  using  these  force  constants,  we  estimate  strain 
energies  within  the  third  nearest  silicon  from  nitrogen,  in 
N-N  complex,  N2-V2  complex,  substitutional  nitrogen 
and  interstitial  nitrogen  for  optimized  structures  and 
initial  structures  as  shown  in  Figs.  3  and  4.  Small  and 
large  spheres  represent  nitrogen  and  silicon,  respectively. 
In  the  initial  structures,  all  silicon  atoms  are  located  at 
the  lattice  points  as  shown  in  Fig.  4.  The  role  of  stress  in 
determining  the  optimized  structures  by  the  amount  of 
change  of  strain  energy  from  the  initial  structures  to  the 
optimized  structures  is  discussed.  The  change  of  strain 
energy  due  to  optimization  is  traced  by  rotating  the  line 
between  Si  atoms  in  the  case  of  N-N  complex  and  by 
changing  Si-N-Si  bond  angle  in  the  case  of  N2-V2 
complex  as  shown  in  Fig.  4.  For  simplicity,  the  shape  of 
Si2N2  is  fixed  and  it  is  rotated  to  the  position  proposed 
by  Jones  [1]. 


3.  Result  and  discussion 

The  atomic  vibrational  displacements  of  Si2N2  struc¬ 
ture  corresponding  to  strong  infrared  absorption  near 
766  and  963  cm-1  are  found  by  the  force  calculation  of 
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Fig.  5.  Atomic  displacements  of  N-N  complex  corresponding 

(a)  N-N  complex 

(b)  N,-N:  complex 

to  normal  vibration  modes  of  (a)  750  and  (b)  943  cm  '. 

Fig.  3.  Optimized  structures  of  (a)  N-N  complex,  (b)  Nj -V2 
complex,  (c)  interstitial  nitrogen  and  (d)  substitutional  nitrogen. 
Small  white,  gray  and  black  spheres  represent  nitrogen,  relaxed 
silicon  and  silicon  on  sites,  respectively. 


(a)  N-N  complex  (b)  N\-N:  complex 

Fig.  4.  Initial  structures  of  (a)  N-N  complex  (b)  Nv-V: 
complex.  All  silicon  atoms  are  located  at  the  lattice  sites. 
Structure  optimization  is  performed  by  rotating  the  broken  line 
connecting  Si-Si  in  N-N  complex  and  by  changing  Si  N  Si 
bond  angle  in  N2-V2  complex. 


SU^SUHsHSiH^  cluster  as  shown  in  Fig.  5.  Each 
displacement  consists  of  antisymmetric  stretch  vibration 
of  an  FUO-type  nonlinear  three-atom  molecule  and  a 
BFrtype  planar  four-atom  molecule,  as  expected.  These 
wavenumbers  are  750  and  943  cm-1,  close  to  the  well- 
known  766  and  963  cm  '  related  to  N-N  complex  and 
transition  dipoles  of  these  vibrations  are  relatively 
higher  than  that  of  other  modes.  Thus,  these  vibration 
modes  are  considered  to  correspond  to  the  observed  766 
and  963  cm-1  peaks,  respectively. 

Thus,  by  solving  Eq.  (4)  for  the  antisymmetric  stretch 
vibration  of  the  FUO-type  nonlinear  three-atom  mole¬ 
cule  whose  wavenumber  is  766cm  1  and  (5)  and  (6)  for 
the  BFrtype  planar  four-atom  molecule  at  963  cm 
the  force  constants  a  and  p  are  obtained  to  be  330  and 


29N/m.  There  has  been  no  successful  report  about  force 
constants  associated  with  nitrogen  in  crystalline  silicon. 
In  amorphous  Si  implanted  with  nitrogen  and  annealed, 
these  values  are  reported  as  227  and  9.2  N/m  [7].  The 
present  results  are  bigger  than  the  reported  ones, 
probably  due  to  the  stronger  bonds  in  crystal  than  in 
amorphous  structure. 

Next,  changes  of  strain  energy  accompanying  struc¬ 
ture  deformation  are  calculated.  As  for  N-N  complex, 
the  strain  energy  is  plotted  against  the  rotation  angle  as 
shown  in  Fig.  6.  As  for  N2-V2  complex,  N  atoms  are 
located  at  the  lattice  points  for  the  initial  configuration 
(the  unit  shape  is  like  that  of  nonplanar  NFI^)  while  they 
are  located  where  Kageshima  proposed  by  the  first 
principles  calculation  (the  unit  shape  is  like  that  of 
planar  BF3)  [2].  It  is  found  that  in  both  cases,  the 
optimized  structure  minimizes  its  strain  energy.  Thus,  in 
both  cases  it  is  concluded  that  the  strain  energy  plays  an 
important  role  in  determining  the  detailed  atomic 
configuration.  Table  1  summarizes  strain  energy  for 
initial  structures  and  optimized  structures. 

In  cases  of  substitutional  nitrogen  and  interstitial 
nitrogen,  strain  energy  increases  for  optimization.  It  is  to 
be  noted  that  there  is  an  odd  electron  in  both  cases,  in 
contrast  to  the  cases  of  N-N  and  N2-V2  where  no 
unbonded  electron  exists.  Thus,  it  is  considered  that  the 
charge  efTect  rather  than  the  stress  effect  determines 
these  atomic  configurations.  Unsuccessful  valence  force 
treatment  on  substitutional  nitrogen  by  Hjalmarson  was 
due  to  this  charge  effect. 


4.  Summary 

Normal  vibrational  modes  of  nitrogen  interstitial  pair 
(N-N)  are  clarified  by  the  MO  calculation  to  be 
antisymmetric  stretches  of  a  BFrtype  planar  four-atom 
molecule  and  an  FUO-type  nonlinear  three-atom  mole¬ 
cule,  for  observed  peaks  at  963  and  766  cm  ',  respec¬ 
tively.  By  solving  the  equation  for  the  relation  of 
vibrational  frequencies  and  force  constants,  stretch  and 
bending  force  constants  of  Si-N  bonds  are  determined. 
By  using  these  force  constants,  strain  energy  changes 
from  the  unrelaxed  structures  to  the  optimized  struc¬ 
tures  are  calculated  for  the  N-N,  N2-V2  substitutional 
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Fig.  6.  Change  of  strain  energy  accompanying  optimization  for  (a)  N-N  complex  and  (b)  N2-V2  complex. 


Table  1 

Change  of  strain  energy  for  initial  structure  and  optimized 
structure 


Initial  structure 

Optimized  structure  (eV) 

N-N 

3.21 

1.22 

N2-V2 

3.17 

1.53 

Ns 

2.10 

3.39 

Ni 

0.537 

0.561 

nitrogen  and  interstitial  nitrogen.  In  N-N  and  N2-V2 
complexes,  the  optimized  structure  has  the  minimum 
strain  energy,  showing  that  the  strain  energy  determines 
the  detailed  atomic  configuration.  In  contrast,  in 
interstitial  and  substitutional  nitrogen,  it  is  found  that 
strain  energy  increases  on  optimizing  the  structure, 
suggesting  that  the  charge  effect  is  more  important.  It  is 
concluded  that  in  the  case  of  closed  structures  strain 
energy  plays  an  important  role  whereas  in  the  case  of 
structures  with  a  lone  electron,  charge  effect  plays  a 
more  important  role. 
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Abstract 

Spin-polarized,  radioactive  12B  probe  nuclei  were  implanted  in  microcrystalline  Si  with  typical  grain  diameters  of 
~  10  nm,  Using  (3-radiation  detected  nuclear  magnetic  resonance  ((3-NMR)  we  observed  broad,  unstructured  spectra  at 
room  temperature.  This  broadening  is  shown  to  be  due  to  structural  disorder.  It  is  not  caused  by  hydrogen  or  other 
contaminations  of  the  samples.  (f\  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Tt:  81.07.Bc;  61.46. +  w 

Keywords:  pc-Si:H;  Implantation:  Doping:  Boron;  (3-NMR 


1.  Introduction 

Hydrogenated,  microcrystalline  Si  (pc-Si :  H)  is  used 
as  a  contact  and  substrate  material  in  thin-film 
technology  [1].  Its  main  advantage  is  the  possibility  of 
a  cost-effective  deposition  in  large  areas.  Considering 
applications,  e.g..  solar  cells.  pc-Si :  H  is  therefore  a 
direct  competitor  to  amorphous  Si  (a-Si :  H).  In  this 
comparison  it  is  hoped  that  the  microcrystalline 
modification  will  show  less  degradation,  better  doping 
efficiency,  higher  carrier  mobility,  and.  due  to  the  lower 
band  gap,  better  absorption  in  the  near  infrared. 

Despite  its  historical  name.  pc-Si :  H  is  a  material  with 
nm-length  scales.  Compared  to  conventional  polycrys¬ 
talline  solids  its  properties  are  influenced  by  a  relatively 
high  volume  fraction  of  grain  boundaries  and  open 
volumes.  Additionally,  the  sample  properties  are 
affected  by  a  hydrogen  content  of  several  at%, 
incorporated  during  deposition. 


♦Corresponding  author.  Tel:  +49-6421-282-2459;  fax:  +  49- 
6421-282-6535. 
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p-type  doping  of  pc-Si :  H  films  is  usually  achieved  in 
the  deposition  process  by  adding  a  certain  amount  of 
B2H6  to  the  process  gas.  We  applied  ion  implantation, 
however,  as  an  alternative  approach  to  introduce  B 
atoms  into  the  samples  after  growth.  In  the  present 
study  we  report  a  structural  characterization  of  B  in  pc- 
Si :  H  by  means  of  p-radiation  detected  nuclear  magnetic 
resonance  (p-NMR). 


2.  Experimental 

Radioactive  ,:B  (lifetime  rp  =  29.4  ms,  spin  1  —  1)  is 
produced  in  the  nuclear  reaction  nB(d,  p),:B  using  a 
primary  beam  of  1.5-MeV  deuterons.  Spin-polarized 
probe  nuclei  are  collected  by  recoil-angle  selection  and 
continuously  implanted  in  the  samples  with  wide-spread 
recoil  energies  from  ~0  to  500  keV.  This  results  in  a 
quite  homogeneous  implantation  profile  with  a  max¬ 
imum  depth  of  (hz  1.2  pm.  In  radioactive  equilibrium  we 
have  only  about  2  x  104  ,2B  nuclei  simultaneously  in  the 
sample.  The  sample  is  kept  in  a  magnetic  field  B{)  and 
can  be  exposed  to  a  depolarizing  radio-frequency  (RF) 
field  B\.  The  lifetime-averaged  l2B  polarization  is 
detected  from  the  north/south  asymmetry  of  the  p-ray 
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angular  distribution.  More  experimental  details  are 
given  in  Ref.  [2]. 

The  nuclear  polarization  P  in  conventional  NMR 
results  from  an  almost  linear  variation  of  the  m-substate 
population  with  m  (Boltzmann  polarization).  This  is 
markedly  different  in  our  case  of  recoil  polarization. 
From  previous  studies  we  know  our  substate  popula¬ 
tions  to  be  p\  :po  : p-\  «0.4  :  0.3  :  0.3.  In  consequence, 
we  cannot  detect  any  (m  =  0<->  -  1)  transitions  in  our 
RF  scans.  A  priori,  there  is  no  reason  to  expect  the 
familiar  symmetry  of  NMR  spectra  in  our  type  of 
experiments. 

Two-micrometer  thick  pc-Si :  H  films  were  deposited 
at  T  =  280°C  by  conventional  plasma-enhanced  chemi¬ 
cal  vapor  deposition  (PECVD)  [1].  Structurally  different 
samples  were  obtained  by  a  variation  of  the  SiH4/H2 
ratio  in  the  process  gas.  Raman  spectroscopy  was  used 
to  determine  crystalline  volume  fractions  of  76-87%. 
The  difference  to  100%  is  assumed  to  be  due  to  grain 
boundaries  [3].  The  mean  grain  diameters,  estimated 
from  TEM  and  X-ray  scattering  data,  were  about  10  nm 
in  films  deposited  with  1-5%  SiH4  in  the  process  gas. 
The  samples  contained  2.5-5. 5  at%  H  and  were  not 
intentionally  doped. 

3.  Measurements  and  results 

A  P-NMR  spectrum  of  12B  in  pc-Si  :H,  measured  at 
T  =  300  K,  is  presented  in  Fig.  1 .  Almost  identical  data 


were  obtained  in  all  samples  investigated  so  far.  Instead 
of  one  or  more  resolved  resonances  we  find  a  broad 
frequency  distribution  with  a  full-width  at  half-max¬ 
imum  (FWHM)  of  ~  50  kHz.  This  is  in  contrast  to  the 
situation  in  single  crystalline  Si,  where,  depending  on  the 
measuring  conditions,  linewidths  below  1  kHz  can  be 
observed  [4].  It  is  the  main  object  of  this  paper  to  explore 
the  nature  of  this  broad  spectrum. 

In  first-order  perturbation  theory,  the  energy  of  a 
given  magnetic  substate  m  of  our  12B  spin  I  =  1  is  given 
by 


Em  =  -  hvLm  + 


e2qQ 


4/(2/  -  1) 


Qcos2  9  - (3m2  -  /(/  +  1)), 


(1) 


where  e2qQ  is  the  so-called  quadrupole  coupling 
constant  measuring  the  magnitude  of  the  electric  field 
gradient  (EFG)  at  the  i2B  position  and  0  is  the  angle 
between  principal  EFG  axis  and  Bo  (we  assume  an 
axially  symmetric  EFG  tensor  for  simplicity). 

The  spectrum  of  Fig.  1  is  centered  at  the  Larmor 
frequency  vl-  It  cannot  be  just  the  orientational 
averaging  of  Eq.  (1)  for  one  specific  value  of  e2qQ, 
therefore.  For  (Am  =  1)  transitions  the  peak  of  such  a 
“powder  pattern”  would  occur  for  6  =  90°  at  v  =  vl  + 
\e2qQ/h.  Due  to  our  specific  m  substate  population  we 
would  also  observe  a  distinctly  asymmetric  spectrum. 
All  this  is  clearly  not  the  case  in  Fig.  1  and  we  can  state 


Fig.  1.  Typical  P-NMR  spectrum  of  12B  in  pc-Si  :H  measured  at  B0  =  0.3  T  and  T  =  300  K.  The  inhomogeneous  frequency 
distribution  has  a  full  width  at  half  maximum  of  ~  50  kHz.  In  order  to  enhance  the  weak  signals  a  frequency  modulation  of  ±  10  kHz 
had  been  applied  to  measure  this  spectrum.  The  RF  amplitude  was  5iirot  =  0.1  mT.  The  solid  lines  are  simulated  spectra  as  explained  in 
the  text. 
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Frequency  (MHz) 


Fig.  2.  (a)  p-NMR  spectrum  of  ,:B  in  gc-Si :  H  measured  with  Blrol  =  0.29  niT  and  without  FM.  B{)  =  0.3  T,  T  =  360  K.  The  sharp 
line  in  the  center  of  the  spectrum  is  due  to  a  double-quantum  (DQ)  transition.  All  probe  nuclei  participate  in  this  resonance, 
independent  of  their  quadrupolc  shift,  (b)  A  high  resolution  scan  of  the  DQ  line  measured  with  reduced  RF  power  (Z?LroI  =  0.12  mT)at 
T  =  350  K.  The  solid  lines  are  simulated  spectra  as  explained  in  the  text. 


that  the  observed  distribution  of  NMR  frequencies  is 
not  just  the  result  of  the  polycrystallinity  of  the  sample 
but  reflects  a  corresponding  distribution  of  12  B  defect 
states. 

This  is  a  surprising  result,  considering  the  high 
crystalline  volume  fractions  in  our  samples.  The  p- 
NMR  signatures  of  12 B  in  crystalline  Si  (c-Si)  are  well 
known  [4.5]:  a  Larmor  resonance  from  substitutional  B 
and  a  well-defined  EFG  [e2qQ/h  =  -360(15)  kHz]  from 
positively  charged  interstitial  B.  The  data  of  Fig.  1  are 
distinctly  different  from  what  would  have  been  obtained 
by  just  an  orientational  averaging  of  these  c-Si  features. 
The  pc-Si :  H  spectra  are  rather  dominated  by  disorder 
which  appears  to  be  characteristic  for  this  modification 
of  Si. 

Two  possible  sources  could  be  responsible  for  the 
broadened  p-NMR  spectra:  a  distribution  of  local 
magnetic  fields  or  of  EFGs.  The  latter  quantity  measures 
the  deviation  of  the  local  charge  distribution  from  full 
cubic  symmetry.  Therefore,  an  EFG  distribution  reflects 
structural  disorder.  Magnetic  disorder  could  be  due  to 
paramagnetic  defects  in  the  vicinity  or  due  to  the 
presence  of  H  or  other  nearby  impurities  with  non¬ 
vanishing  magnetic  moments.  We  can  discriminate 
between  these  two  possibilities  with  the  help  of  Fig.  2. 
There  we  see  another  12B  spectrum  in  pc-Si :  H,  this  time 
recorded  with  higher  RF  power.  The  striking  difference 
to  Fig.  1  is  the  appearance  of  an  additional,  very  sharp 
resonance  just  at  vL,  superimposed  to  the  already 
known,  broad  spectrum.  A  higher-resolution  scan  of 
this  new  feature  is  depicted  in  Fig.  2(b).  There  we  see 
that  this  line  is  only  about  300  Hz  wide  and  slightly 
asymmetric  in  shape. 


From  its  unique  dependence  on  RF  power  we  can 
immediately  identify  the  new  signal  as  a  so-called  double 
quantum  (DQ)  resonance,  where  the  (m  =  +1)  states 
are  coupled  directly  by  the  simultaneous  absorption  of 
two  RF  quanta.  The  special  properties  of  a  DQ 
resonance  compared  to  the  normal  (Am  =  1)  (“single 
quantum’',  SQ)  transition  can  be  seen  from  Eq.  (1).  Both 
signals  respond  identically  to  magnetic  disorder  (a 
variation  of  vL)  but  the  (1  <-►  -  1)  transition  is  (in  first- 
order  perturbation  theory)  not  affected  by  the  presence 
of  an  EFG. 

Therefore,  the  sharpness  of  the  experimentally  ob¬ 
served  DQ  line  excludes  the  presence  of  any  magnetic 
broadening.  This  means,  in  turn,  that  only  structural 
disorder  is  responsible  for  the  wide  distribution  of  SQ 
frequencies.  From  the  residual  DQ  linewidth  we  can 
exclude  the  presence  of  H,  N,  or  any  other  impurities 
carrying  magnetic  moments,  in  the  vicinity  of  our  l2B 
probe  nuclei. 

Independent  proof  of  an  EFG  is  the  observation  of 
the  (Am  —  2)  resonance  shown  in  Fig.  3.  This  transition 
from  (m  —  -1)  to  (m  =  +1)  by  absorption  of  a  single 
RF  quantum  is  selection-rule  forbidden  and  can  only  be 
observed  in  the  presence  of  quadrupolar  perturbation  at 
rather  low  magnetic  fields. 

Both  DQ  and  (A;;?  =  2)  resonance  had  the  familiar 
Lorentzian  line  shape  if  caused  by  a  single,  well-defined 
EFG.  In  our  situation  of  an  e2qQ  distribution  we 
observe  a  corresponding  broadening  plus  pronounced 
“distortions”  of  the  experimental  line  shapes.  These  are 
second-order  effects  which  are  particularly  important  for 
the  (Am  =  2)  resonance  of  Fig.  3.  In  total,  we  can  say 
that  the  (Am  =  1)  spectrum  (Figs.  1  and  2(a)).  the  DQ 
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Fig.  3.  (Am  =  2)  spectrum  of  ,2B  in  pc-Si  :H  measured  without  FM  at  a  lower  magnetic  field  of  Bq  =  0.1  T.  2?i  rot  =  0.33  mT, 
T  =  330  K.  The  sharp  onset  of  the  spectrum  occurs  at  twice  the  Larmor  frequency.  The  pronounced  asymmetry  reflects  the  interplay 
between  EFG  distribution  and  (weakened)  RF  selection  rules  and  is  theoretically  understood  (solid  line,  see  text  for  details). 


resonance  of  Fig.  2(b)  and  the  (Am  =  2)  spectrum 
(Fig.  3)  all  reflect  the  same  EFG  distribution.  The 
different  matrix  elements  for  each  type  of  transition 
lead  to  the  spectral  distributions  of  characteristically 
different  shape  and  width. 

In  order  to  reproduce  the  experimental  spectra  we 
calculated  the  homogeneous  p-NMR-line  shape  for  each 
magnitude  and  orientation  of  a  given  EFG  (for 
simplicity  assumed  to  be  axially  symmetric)  by  means 
of  a  density-matrix  formalism  to  be  described  elsewhere. 
Then  we  averaged  these  data  over  all  crystal  orientations 
and  an  assumed  distribution  of  EFG  magnitudes. 

The  central  result  of  this  simulation  is  that  only  a 
unimodal  distribution  centered  at  e2qQ  =  0  can  repro¬ 
duce  the  experimental  findings.  This  means  that  full 
tetrahedral  symmetry  is  still  the  most  likely  configura¬ 
tion  and  that  prolate  and  oblate  charge  distortions  are 
equally  probable.  In  our  simulations  we  assumed  a 
Gaussian  distribution  of  e2qQ/h  with  a  standard 
deviation  of  a  =150  kHz.  All  the  solid  lines  in 
Figs.  1-3  were  consistently  calculated  from  this  distribu¬ 
tion  taking  the  varying  experimental  parameters  (B0  and 
RF  conditions)  correctly  into  account.  The  so-obtained 
simulated  spectra  agree  quite  well  with  the  experimental 
data;  especially  the  peculiar  line  shapes  of  the  higher- 
order  transitions  are  almost  perfectly  reproduced. 

We  would  like  to  emphasize  that  the  necessity  to 
reproduce  three  different  types  of  transitions  simulta¬ 
neously  is  a  quite  rigorous  test  of  the  assumed  EFG 
distribution.  In  the  case  of  12B  in  amorphous  Si,  for 
instance,  we  observed  SQ  spectra  quite  similar  to  the  one 


of  Fig.  1,  but  a  much  more  rounded  (Am  =  2)  spectrum. 
Those  spectra  could  only  be  described  [6]  by  a 
completely  different,  bimodal  e2qQ  distribution  with  a 
minimum  at  e2qQ  =  0. 


4.  Summary 

After  room- temperature  implantation  of  12B  at 
negligible  concentrations  in  hydrogenated,  microcrystal¬ 
line  Si  we  observe  broad  and  unstructured  p-NMR 
spectra.  From  a  combined  analysis  of  single  quantum, 
double  quantum,  and  (Am  =  2)  spectra  it  is  concluded 
that  these  frequency  distributions  reflect  structural 
disorder,  i.e.,  12B  nuclei  in  randomly  distorted  surround¬ 
ings.  Pairing  of  the  implanted  B  with  H  or  other 
contaminants  in  the  samples  can  be  excluded  on  grounds 
of  the  very  narrow  DQ  resonances  observed.  Despite  a 
crystalline  volume  fraction  of  >75%  in  our  samples  we 
could  not  detect  any  signals  corresponding  to  the  known 
substitutional  or  interstitial  B  in  Si. 
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Abstract 

Three  species  of  a  shallow  donor  family  (D1-D3)  have  been  observed  previously  with  infrared  absorption  (FTIR) 
and  electron  paramagnetic  resonance  (EPR)  in  hydrogenated  Czochralski-grown  Si  crystals  after  irradiation  with  fast 
electrons  and  subsequent  annealing  in  the  temperature  range  of  300— 550°C.  In  a  further  detailed  EPR  investigation,  we 
resolved  a  hyperfine  (hf)  interaction  with  one  29Si  nucleus  and  revealed  thus  the  incorporation  of  one  silicon  atom  in  the 
defect  core.  The  incorporation  of  one  hydrogen  (deuterium)  atom  in  the  core  of  the  D1  and  D2  centers  was  observed  in 
electron  nuclear  double  resonance.  High  resolution  FTIR  on  13C  enriched  samples  showed  the  incorporation  of  one  C 
atom  in  the  core.  By  comparison  of  the  optical  and  magnetic  resonance  spectra  with  those  obtained  previously  for  Si- 
NL  10(H)  and  shallow  thermal  donors  (STD(H))  it  is  concluded  that  D1  is  the  first  species  of  the  STD(H)  and  that  the 
STD(H)  defects  and  the  NL  10(H)  defects  are  identical.  These  shallow  donor  types  incorporate  one  hydrogen  atom  and, 
as  an  other  impurity,  C  in  nominally  undoped  Si  or  A1  (NL10(A1)).  An  atomic  model  of  the  STD(H)/NL  10(H)  defects  is 
presented.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Upon  heat  treatment  of  oxygen-rich  silicon  at 
approximately  470°C  two  oxygen  related  defect  centers 
show  distinguishable  absorption  lines  in  Fourier  trans¬ 
form  infrared  (FTIR)  and  photo  thermal  ionization 
spectroscopy.  The  centers  were  called  thermal  double 
donors  (TDD)  and  shallow  thermal  donors  (STD).  They 
develop  after  annealing  times  of  0.5  and  r>10h, 
respectively.  The  STDs  appear  with  absorption  bands  in 
the  range  of  300-1 50  cm-1  and  corresponding  ionization 
energies  of  34-40  meV  (e.g.  Ref.  [1]).  After  such  heat 
treatments  of  Cz-Si,  two  paramagnetic  centers  are  found 
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in  (electron  paramagnetic  resonance)  EPR  as  well.  They 
were  called  NL8  for  short  annealing  time  of  /«0.5  h  and 
NL10  for  t>  10  h,  respectively.  The  oxygen  incorpora¬ 
tion  in  the  centers  has  been  proven  by  electron  nuclear 
double  resonance  (ENDOR)  [2,3].  Several  features  (e.g. 
formation  kinetics)  suggest  that  the  TDDs,  found  in 
FTIR,  are  identical  with  the  NL8  defects,  and  that  the 
STDs  are  identical  with  the  NL10  centers  [4]. 

The  defects  occurring  after  prolonged  annealing 
(/>10h)  can  be  divided  into  several  families  with  a 
specific  set  of  absorption  lines  for  each  of  them  in  FTIR 
depending  on  the  additional  doping  of  the  Si.  Three 
families  of  STDs  have  been  established  so  far:  the 
STD(H)  (incorporating  hydrogen)  [4],  the  STD(Al) 
(incorporating  aluminum)  [5],  and  the  STD(X)  (incor¬ 
poration  of  nitrogen  or  lattice  vacancies). 

A  new  family  of  shallow  thermal  donors  was  found 
after  hydrogenation  and  electron-irradiation  of  Cz-Si 
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and  subsequent  heat  treatment  in  the  range  of  300- 
500  C  [6,7].  The  centers  labeled  D1-D3  show  enhanced 
formation  kinetics  compared  to  the  conventional 
STDs(H).  In  the  irradiated  Si:0,H  samples,  it  is 
possible  to  choose  the  annealing  conditions  such  that 
only  one  particular  donor  species  dominates  the  spectra. 
This  provides  a  better  opportunity  for  structural  studies 
of  one  particular  species.  We  investigated  the  Dl-3 
centers  with  FTIR  and  EPR  spectroscopy  and  compared 
their  properties  with  those  of  the  STDs(H)  and  NL10(H) 
published  previously.  We  show  that  the  three  types  of 
shallow  thermal  donors  (STD(H),  NL  10(H)  and  Dl- 
D3)  are  “identical"  and  propose  a  structural  model  for 
them. 

In  FTIR  investigations  (resolution  0.5cm  *)  it  is 
found  that  the  positions  of  some  lines  coincide  in  all  the 
studied  samples.  Particularly,  the  lines  due  to  D2  and  D3 
donors  in  irradiated  samples  are  at  the  same  positions  as 
the  corresponding  lines  in  the  spectrum  of  the  non- 
irradiated  sample  (204.3  and  246.9cm"1  for  D2  and 
198.3  and  241.2  cm  1  for  D3)  [6,  7].  These  wave  numbers 
are  the  same  within  experimental  error  as  those  cited  in 
Ref.  [4]  for  STD2(H)  and  STD3(H)  centers  confirming 
previous  suggestions  about  the  identity  of  the  D2  and 
D3  donors  and  two  centers  of  the  STD(H)  family  [4,8]. 

Heat  treatment  at  350nC  generates  the  D1  center  with 
an  isotropic  EPR  line  at  g  =  1.9987.  Heat  treatment  of 
the  irradiated  crystals  at  temperatures  higher  than  350°C 
results  in  a  transformation  of  the  D1-D2  centers.  This 
leads  to  the  transformation  of  the  isotropic  EPR  signal 
to  another  one,  the  shape  of  which  is  characteristic  for 
the  defects  writh  orthorhombic-I  symmetry,  C2v  point 
group.  The  orthorhombic-I  symmetry  of  the  D2  center 
was  confirmed  by  detailed  measurements  in  a  K-band 
EPR  spectrometer  (25  GHz)  and  by  electrical  detect¬ 
ion  of  EPR  (EDEPR)  at  72  GHz  (V-band)  with  even 
better  resolution.  The  principal  values  of  the  0-tensor 
are: jr/,1110  0  1]  =  1.99982(2),  g2\ |[I  1  0]  =  1.99722(2)  and 
0-dl[HO]=  1.99952(2).  These  values  are  close  to  those 
usually  quoted  for  NL10  centers  (g{  =  1.99959(2),  g = 
1.99747(2)  and  g3  =  1.99957(2))  [2],  but  there  is  a  small 
difference.  The  values  of  the  D2  center  indicate  a  slightly 
bigger  anisotropy  compared  with  the  NL  10  centers.  The 
decrease  in  the  concentration  of  the  D2  centers  and  the 
appearance  of  the  shallower  D3  donors  after  annealing 
at  500  C  leads  to  a  more  isotropic  EPR  with  principal 
values  of  the  0-tensor  closer  to  those  quoted  for  NL10 
centers. 

In  the  D1  EPR  spectrum,  when  measured  with 
increased  integration  time  two  satellite  lines  around 
the  central  line  were  detected.  The  ratio  of  the  integrated 
area  under  the  satellite  lines  to  the  total  integrated  area 
of  all  three  lines  is  4.7±0.2%.  This  value  is  in  good 
agreement  with  the  one  expected  for  the  hyperfine  (hf) 
interaction  with  one  2ySi  atom  (natural  abundance  of 
“ySi  is  4.7%).  From  the  angular  dependence  of  the  D1 


Fig.  1.  X-band  ENDOR  spectra  of  an  electron-irradiated 
Si:O.H  sample  annealed  at  350  C.  measured  at  7K  with 
illumination  of  the  sample  with  white  light.  Indicated  is  the 
position  of  the  frequency  of  the  free  hydrogen  nucleus 
calculated  for  a  static  magnetic  field  of  Z?=  352mT.  Three 
spectra  for  the  main  crystallographic  orientations  arc  given. 


satellite  lines  an  isotropic  hf  interaction  with 
a  =  58+  I  MHz  is  derived.  Microwave  power-dependent 
measurements  of  the  D1  satellite  lines  confirmed  the 
correlation  of  the  central  D1  resonance  line  and  the 
satellite  lines.  Similar  2ySi  satellite  lines  with  an  intensity 
of  5.6  +  0.2%  were  observed  for  the  D2  center 
(a  =  70+1  MHz). 

A  further  Cz-Si  sample  was  hydrogenated  and  finally 
annealed  for  50 h  which  resulted  in  intense  NL10(H) 
EPR.  Also,  for  this  sample,  a  hf  splitting  with  one  2ySi 
{a  =  71  +  1  MHz)  is  observed  for  the  first  time,  the 
intensity  of  the  EPR  satellite  lines  being  again  5.3%.  It  is 
noted  that  the  splitting  constant  a  for  the  D2  and 
NL10(H)  centers  is  larger  than  that  obtained  for  DI. 

In  order  to  reveal  further,  the  atomic  structure  of  the 
D(l-3)-species  and  to  find  out  whether  they  also  contain 
hydrogen,  as  the  NL10(H)  centers  do.  ENDOR 
measurements  have  been  carried  out.  Fig.  1  shows 
ENDOR  spectra  in  the  frequency  range  of  14.8- 
15.2  MHz  for  a  sample  which  had  a  strong  Dl  EPR 
signal.  The  observed  ENDOR  lines  are  positioned 
symmetrically  around  the  Larmor  frequency  of  free 
hydrogen  showing  *H  incorporation  into  the  Dl  donor. 
The  spectra  are  anisotropic  upon  rotation  of  the  sample. 
Because  of  the  strongly  overlapping  ENDOR  lines  their 
angular  dependence  could  not  be  analyzed  unambigu¬ 
ously.  A  satisfactory  simulation  of  the  spectra  for 
various  orientations  could,  however,  be  achieved  when 
assuming  triclinic  symmetry  for  the  'H  hf  tensor  with 
the  r-axis  pointing  almost  into  a  <1  10)  direction  (only 
3"  off).  There  is  only  one  hydrogen  atom  interacting. 
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Table  1 

rH  hf  interaction  constants  from  ENDOR3 


a  (kHz) 

b  (kHz) 

b'(  kHz) 

SO 

<AO 

<P(°) 

2[ooi]  (kHz) 

D1  (JH) 

+  88 

±40 

±20 

90 

45 

26 

— 

D2  ('H) 

+  75 

±25 

±  5 

90 

45 

26 

— 

D1  (2H) 

+  13 

±  6 

±  3 

90 

45 

26 

±64 

NL10  (H) 

84.6 

15.2 

14.8 

75 

30 

55 

— 

80.6 

15.0 

11.4 

70 

35 

50 

3 For  Dl^H)  the  isotropic  constant  a  has  an  error  of  ±  10%;  an  error  for  b,  b'  is  difficult  to  estimate.  The  error  for  D2  constants  are 
somewhat  larger  (a:  ±20%).  The  quadrupole  constant  for  D1(2H)  is  probably  ±20%.  The  data  for  NL10(H)  were  adopted  for 
comparison  from  Martynov  et  al.  [11]. 


When  replacing  *H  by  deuterium  the  much  smaller  hf 
interaction  of  2H  due  to  the  much  smaller  nuclear  g 
factor  of  2H  could  not  be  resolved,  however,  a 
quadrupole  interaction  could  be  determined  showing 
that  at  the  H/D  site  there  is  an  electrical  field  gradient. 
The  hf  interaction  parameters  in  their  usual  form  used  in 
ENDOR  [1 1]  are  listed  in  Table  1.  The  absolute  signs  of 
the  hf  constants  cannot  be  determined  experimentally, 
only  their  relative  signs  which  are  opposite.  The  choice 
of  a  negative  isotropic  part  a  is  explained  below. 

In  the  ENDOR  spectrum  of  a  sample  containing  D2 
centers  the  lines  are  again  placed  symmetrically  around 
the  Larmor  frequency  of  !H  but  with  a  reduced  width  of 
the  pattern  compared  to  that  of  the  D1  centers 
indicating  a  smaller  lH  hf  interaction,  assuming  again 
triclinic  symmetry  (Table  1). 

It  had  been  speculated  that  carbon  is  involved  in  the 
formation  of  the  shallow  donors  STD(H)  and  D1-D3, 
respectively  [4,9,10].  Although  a  sample  enriched  with 
13C  to  about  1  x  1017cm-3  was  used  and  sufficient  D1 
centers  were  produced  to  see  the  *H  ENDOR  spectra,  no 
trace  of  a  13C  ENDOR  line  was  found.  Probably,  there 
is  such  a  low  spin  density  at  13C  that  the  hf  interactions 
were  too  small  to  be  seen  in  ENDOR. 

In  order  to  obtain  further  evidence,  high  resolution 
FTIR  measurements  (resolution  0.05  cm-1)  were  per¬ 
formed  at  6K  with  the  sample  enriched  in  13C.  Isotope 
shifts  of  A E  =  —0.1 8  cm-1  for  the  exchange  of  H  by  D 
and  A E  =  -0.05  cm-1  for  the  exchange  of  12C  by  13C, 
respectively,  have  been  observed.  The  data  being  very 
small  and  at  the  limit  of  resolution.  Thus,  the  incor¬ 
poration  of  C  into  the  D1  center  has  been  demonstrated 
and  confirms  earlier  speculations  [4,9]. 

Do  the  shallow  thermal  donors  STD(H),  NL10(H) 
and  D1-D3  all  have  different  structures  or  are  they  the 
same  defects  which  have  been  observed  with  different 
experimental  methods  initially  and  have  therefore 
received  different  names?  The  coincidence  of  FTIR  lines 
of  D2  and  D3  with  those  of  STD(H)2,3  confirms  earlier 
suggestions  [4]  that  the  D  centers  are  identical  with  the 
STD(H)  centers.  The  detection  of  hydrogen  in  the  D 
centers  by  ENDOR  supports  this  further.  On  the  other 


hand,  the  EPR  data  of  NL10  defects  and  those  of  D 
centers  with  respect  to  symmetry  and  g-values  are  so 
similar,  that  the  identification  of  NL10  in  nominally 
undoped  Si  with  the  D  centers  is  strongly  suggested. 
Comparison  of  the  hydrogen  ENDOR  spectrum  pub¬ 
lished  by  Martynov  et  al.  [12]  with  that  for  D1  and  D2 
shows  a  practical  identical  spectral  shape  and  frequency 
extent.  Also,  the  hf  data  are  very  similar,  if  one  allows 
for  the  rather  poor  signal-to-noise  ratio  in  Ref.  [11]  and 
the  fact  that  a  superposition  of  several  species  may  have 
been  measured  since  it  was  not  as  easily  possible  as  here 
to  generate  one  species  separately  as  described  above  for 
the  D  centers.  The  hydrogen  hf  data  of  Ref.  [12]  adopted 
to  our  representation  with  a,  b,  b'  are  given  in  Table  1  for 
comparison.  Martinov  et  al.  also  assumed  triclinic 
symmetry,  but  did  not  find  the  opposite  signs  of  a  and 
b,  b' .  In  view  of  the  uncertainty  of  the  precise  analysis  of 
the  ENDOR  angular  dependence  due  to  line  overlaps 
and/or  low  signal  intensity  we  think  that  H  in  NL10  and 
D  centers  has  the  same  hf  interactions  (with  slight 
variations  from  species  to  species  in  the  family).  Thus, 
STD(H),  D1-D3  and  NL  10(H)  are  members  of  the  same 
defect  family.  The  fact  that  we  have  observed  a 
prominent  29Si  hf  interaction  in  EPR  for  both  D  and 
NL  10(H)  and  the  isotope  shift  on  the  13C  enriched 
sample  in  high  resolution  FTIR  strongly  supports  the 
shallow  defect  model  calculated  by  Ewels  et  al.  [10]  and 
shown  in  Fig.  2:  the  shallow  donors  have  a  (C-H),— 02;- 
structure  as  defect  core.  The  C,  atom  is  placed  slightly 
above  the  (1 10)  plane  in  which  next  to  the  Si  lattice 
atoms  the  two  O,  are  located.  The  H /  is  bonded  to  the  Q 
in  the  [11 0]  direction,  which  was  found  to  almost 
coincide  with  the  lH  hf  tensor  orientation.  The  Si  atom 
bonded  to  C,  in  the  <001)  direction  lacks  bonding  of 
its  fourth  electron.  All  constituents  of  the  core  of  the 
model  C,  Si  and  H  have  been  identified.  The  negative 
sign  of  the  isotropic  hf  constant  of  *H  is  consistent  with 
this  model  since  it  can  be  explained  by  exchange 
polarization  of  spin  densitiy  in  C,  [13],  which  in  turn  is 
caused  by  polarization  from  unpaired  spin  density  in  the 
adjacent  Si.  Assuming  that  the  experimentally  found 
spin  density  of  1.3  x  10-2  at  29Si  induces  1.3  x  10~3  spin 
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Fig.  2.  Atomic  model  of  the  core  structure  of  STD(H)  on  the 
basis  of  the  calculations  by  Ewcls  et  al.  [10]  and  the  results  of 
this  work. 

density  at  the  neighboring  13C,>  both  the  negative  a  value 
of  lH  and  its  b  value  can  be  quantitatively  explained, 
using  for  a  the  known  polarization  effects  of  CH3 
radicals  [13]  (a  full  pr  orbital  induces  approximately  - 
65  MHz  at  the  proton)  and  for  b  the  point  dipole  dipole 
approximation  using  the  CH-bond  length  of  1.2  A  (for 
details  see  Ref.  [14]). 

The  very  low  spin  densities  found  are  in  qualitative 
agreement  with  the  calculations  of  Ewels  et  al.  [10]  who 
due  to  a  cluster  calculation  would  overestimate  the  spin 
densities  of  these  shallow  and  very  extended  defects.  A 
direct  comparison  with  their  calculation  is  not  possible 
since  they  give  no  explicit  values  in  Ref.  [10]  (except  for 
saying  “very  low”). 

All  the  experimental  results  are  consistent  with  the 
assignment  of  the  Dl,  D2  and  D3  centers  to  the 
STD(H)/NL  10(H)  family.  The  electronic  properties  of 
the  D1  donor  differ  from  those  of  the  other  STD(H) 
species  (e.g.  isotropic  g  factor  versus,  anisotropic  ones  of 


NL  10(H)),  but  it  has  the  same  core  constituents  and 
annealing  behavior,  in  that  D2  grows  at  the  expense  of 
Dl.  Thus,  it  appears  that  D1  is  the  first  species  of  the 
STD(H)  donor  family  and  could  be  called  STD(H)1. 
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Abstract 

B  has  been  successfully  doped  into  the  hydrogenated  amorphous  Si  films  without  using  explosive  and/or  toxic  gases 
SiH4  or  B2H6  by  reactive  radio-frequency  co-sputtering.  The  target  used  for  co-sputtering  was  a  composite  target 
composed  of  a  B-doped  Si  wafer  and  B  chips  attached  on  the  Si  wafer  with  silver  powder  bond.  The  maximum  area 
fraction  of  B  chips  used  was  0.11.  Argon  and  hydrogen  pressures  were  5x  10-3  and  5x  10“4Torr,  respectively. 
Substrates  were  kept  at  200°C  or  250°C  during  sputtering.  The  maximum  B  concentration  in  the  film  obtained  was 
2xl019cm  3  from  secondary  ion  mass  spectroscopy  measurement.  Films  with  resistivity  of  104-105Qcm  were 
obtained,  which  was  low  for  the  above  acceptor  concentration,  compared  with  other  group  III  impurities  doping, 
indicating  the  high  doping  efficiency  of  B.  A  heterostructure,  which  was  prepared  by  co-sputtering  these  B-doped 
films  on  an  n-type  crystalline  Si,  shows  a  good  rectification  characteristic.  A  small  photovoltaic  effect  is  also  observed. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  reactive  radio-frequency  (RF)  co-sputtering  has 
been  widely  used  as  a  safe  and  inexpensive  method  for 
fabrication  of  doped  hydrogenated  amorphous  silicon 
(a-Si :  H)  or  silicon-carbon  alloy  (a-SiC :  H)  films  with¬ 
out  using  any  toxic  or  explosive  gases.  For  the  dopant 
used,  A1  has  been  investigated  most  extensively  [1-5]. 
Saito  et  al.  prepared  a-SiC :  H  films  doped  with  Ga  [6] 
and  T1  [7]  by  the  co-sputtering  method.  In  these  group 
III  acceptor  impurities  used,  however,  the  concentration 
in  the  film  reached  10%  or  more  to  obtain  films  with  a 
low  resistivity,  e.g.  105Ocm,  so  long  as  the  substrate  was 
kept  around  200°C  during  deposition,  where  the 
amorphous  Si  crystallizes  rarely.  In  some  cases, 
the  resistivity  has  not  decreased  to  105Dcm,  even  if 
the  impurity  concentration  exceeds  10%  by  far.  This 
may  be  due  to  the  low  doping  efficiency  of  these 
impurities.  Incidentally,  little  has  been  reported  about  B 
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doping  by  this  method,  although  B  is  the  most  easily 
doped  to  high  concentration  in  the  crystalline  Si 
counterpart.  In  this  study,  it  has  been  demonstrated 
that  B  was  successfully  doped  and  low-resistivity  a-Si :  H 
films  were  obtained  with  relatively  low  concentration  of 
B  by  the  reactive  co-sputtering  method.  In  Section  2, 
experimental  details  on  the  film  preparation  and  the 
evaluation  method  are  described.  Experimental  results 
are  shown  and  discussed  in  Section  3. 


2.  Experimental 

The  sputtering  targets  used  in  this  experiment  are 
undoped  Si  crystal  of  80  mm  in  diameter,  B-doped 
p-type  Si  wafers  and  Si-B  composite  targets,  where 
several  5x5x1  mm3  and/or  10  x  10  x  2  mm3  B  chips 
were  attached  to  p-type  Si  wafers  with  silver  powder 
cement.  Substrates  for  sputtered  films  are  optical  glasses 
for  UV-Vis  optical  measurement  and  electrical  measure¬ 
ment,  ITO  glasses  and  heavily  B-doped  p-type  Si  wafers 
for  electrical  measurement  and  high-resistivity  p-type  Si 
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wafers  for  IR  measurement.  To  investigate  pn  diode 
characteristics,  films  were  sputtered  on  n-type  Si  wafers. 
The  substrates  were  kept  at  200'C  or  250  C  during 
deposition  for  1  h.  The  film  was  prepared  in  a  conven¬ 
tional  RF  sputtering  system  operating  at  13.56  MHz. 
The  base  pressure  of  the  system  was  of  the  order  of 
1  x  10  6Torr.  Argon  and  hydrogen  partial  pressures 
used  were  mostly  5x  10 ' 3  and  5x  10  4Ton\  respec¬ 
tively.  A  RF  power  of  2  W/cnr  was  used.  The  deposition 
rate  of  about  2  A/s  was  obtained.  The  film  thickness  was 
measured  by  a  stylus  monitor  (Sloan  DEKTAK  1 1  A). 
The  H  concentration  was  obtained  from  IR  absorption, 
which  was  measured  by  a  Shimadzu  FTIR  4100 
spectrophotometer.  The  B  concentration  in  the  film 
was  determined  by  secondary  ion  mass  spectroscopy 
(SIMS)  using  a  CAMECA  DES  II.  For  electrical 
measurement,  aluminum  w'as  evaporated  for  the  elec¬ 
trode.  Through  the  stencil  mask,  A1  dots  of  2  mm  in 
diameter  U'ere  evaporated  on  films  deposited  on  ITO 
glasses  and  p’1 4  Si  wafers.  The  co-planar  electrodes  were 
also  formed  with  about  0.2  and  0.5  mm  gaps  for  films  on 
glasses.  Electrical  properties  were  determined  by  a 
Keithley  2400SourceMeter. 


3.  Results  and  discussion 

In  most  glow-discharge  prepared.  B-doped  a-Si :  H 
films,  the  B  concentration  is  expressed  in  terms  of  partial 
pressure  ratio  B2H6/SiH4  during  deposition  [8].  In  this 
work,  to  know  the  net  B  concentration  directly,  SIMS 
measurement  was  performed.  In  Table  1,  configurations 
and  the  B  concentrations  for  four  different  targets  A,  B, 
C  and  D  are  shown.  In  target  A.  where  the  most  B  chips 
were  attached  on  the  Si  wafer,  the  area  fraction  reaches 
about  0.1 1.  It  w'as  found  that  the  B  concentrations  were 
reasonably  constant  through  the  film  and  were  repro¬ 
ducible  for  each  target.  Therefore,  several  data  are 
hereafter  showm  as  a  function  of  B  concentrations  as  in 
Table  1.  Fig.  1  shows  micro-Raman  spectra  determined 
using  Jasco  NRS-2000  Raman  microspectrometer  for 
films  prepared  from  target  A  at  200'C  and  250'C.  No 


Table  1 

Configurations  of  composite  targets  and  B  concentrations  in 
the  films  determined  by  SIMS:* 

Target  B  chip  area  Si  target  B  (SIMS)  (cm  3) 


A 

11% 

p  *  '  Si 

2x  10 

B 

8% 

P  Si 

3  x  10 

C 

P  Si 

2x  10 

D 

p'  ‘  Si  10% 

p  Si 

2x  10 

:,p"  *  Si.  B-doped  0.005  0.0 If) cm  Si  wafer;  p  Si,  B-dopcd 
5 Hem  Si  wafer. 


Raman  Shift  (cm  ’) 


Fig.  1.  Raman  spectra  for  B-doped  (2xlOiycm  ?)  a-Si:H 
films  prepared  at  substrate  temperatures  200'C  and  250'C. 


undoped  10lfi  1017  ,0'*  101'’  10» 


B  Concentration  (cm*3) 

Fig.  2.  Hydrogen  concentrations  of  monohydride  Si-H  and 
dihydridc  Si  Hi  as  a  function  of  B  concentration. 


zone-center  LO-TO  phonon  at  520cm1,  which  is  a 
sensitive  signal  for  micro-crystalline  Si  formation,  was 
observed  even  for  the  film  prepared  at  250'C,  while  the 
entire  spectra  are  almost  similar  to  those  of  the 
crystalline  Si.  Fig.  2  shows  Si-H  and  Si-H2  concentra¬ 
tions  obtained  from  IR  absorption  bands  at  2000  and 
2100  cm  !  for  Si-monohydride  and  Si-dihydride 
stretching  vibrations,  respectively,  using  the  method 
and  the  proportionality  factors  between  the  concentra¬ 
tion  and  the  optical  densities  determined  by  Langford 
et  al.  [9].  It  is  observed  that,  below  10,9cm"3  of  B 
concentration,  Si-H  and  Si-H2  concentrations  do  not 
change  significantly  from  those  of  undoped  films, 
respectively,  for  both  films  prepared  at  200  C  and 
250  C.  Above  10l9cm  \  however,  the  hydrogen  con¬ 
centration  decreases  with  B  concentration,  which  is  the 
same  behavior  as  other  impurities  Al  [5]  or  Ga  [6], 
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Fig.  3.  Optical  band  gap  Eq  and  Bl/2  (see  the  text)  obtained 
from  the  Tauc  plot  of  the  UV-Vis  optical  data  as  a  function  of 
B  concentration. 


Fig.  4.  Electrical  conductivity  as  a  function  of  temperature  for 
B-doped  a-Si:H  films  prepared  at  250°C  with  and  without 
AM-1  illumination. 


although  the  transition  concentration  seems  to  depend 
on  the  impurity.  In  Fig.  3,  the  optical  band  gap  Eo  and 
B  factor  are  plotted  against  B  concentration.  Both 
quantities  were  obtained  from  Tauc  plot  of  the  optical 
data  [10],  hv a(v)  =  B(hv  -  Eo)2 ,  where  a  is  the  absorp¬ 
tion  coefficient,  with  a  simple  assumption  that  two 
parabolic,  conduction  and  valence  bands  are  separated 
by  the  band  gap  E0  [11].  Both  Eo  and  B  have  often  been 
used  as  measures  of  disorder,  decreasing  with  increasing 


Voltage  (V) 

Fig.  5.  I-V  characteristics  for  B-doped  p-type  a-Si :  H/n-type 
epitaxial  Si  at  different  temperatures. 


disorder.  The  optical  data  with  the  absorption  coefficient 
above  about  104cm  1  have  been  used  to  avoid  the 
interference  effect.  In  Fig.  3,  E0  and  Bx/1  obviously 
decrease,  when  B  concentration  exceeds  10,8cm  3, 
which  agrees  with  the  data  in  a  small  B  fraction  region 
for  hydrogenated  Si-B  alloy  films  prepared  by  the  glow 
discharge  deposition  [8].  It  is  observed  that,  for  films 
prepared  both  at  200°C  and  250°C,  both  quantities  at 
the  middle  B  concentration  are  slightly  higher  than  those 
of  undoped  films.  In  Fig.  4,  the  electrical  conductivity  is 
plotted  as  a  function  of  temperature  for  B-doped  a-Si :  H 
films  prepared  at  250°C  with  and  without  AM-1 
illumination.  Although  the  order  of  the  conductivity  is 
not  necessarily  similar  to  that  of  B  concentration  for 
some  films,  the  film  for  the  target  A  has  the  maximum 
dark  conductivity  and  the  activation  energy  near  room 
temperature  is  about  0.1  eV,  which  indicates  that  the 
Fermi  level  is  close  to  the  valence  band  edge.  The 
photoconductivity,  although  small,  is  still  observed  for 
this  film. 

Finally,  the  diode  data  for  B-doped  a-Si :  H/n-type 
crystalline  Si  junction  will  be  presented.  Fig.  5  shows  an 
I-V  characteristic  determined  at  several  temperatures 
for  a  diode  in  which  a-Si :  H  film  was  sputtered  using  the 
target  A  in  the  Table  1  on  the  n-type  (1  00)  Si  epitaxial 
wafer  through  a  hole  of  about  1  cm2  of  a  stencil  mask  at 
200°C.  The  electron  concentration  in  the  epilayer  was 
3  x  1014cm-3.  For  forward  bias  Vf  ^0.4V,  the  current  I 
was  expressed  as  I  ~exp(eV(/nkT)  with  the  n  value  near 
2,  indicating  that  the  current  is  dominated  by  the 
recombination  current  in  the  space-charge  region  of  the 
junction.  For  Vf  >  0.4  V,  however,  no  diffusion  current 
component  with  n  =  1  is  observed,  but  the  current 
seems  to  be  limited  by  the  high  series  resistance  of 
the  film.  It  was  found  that  the  I-V  characteristics 
are  particularly  sensitive  to  the  deposition  temperature. 
The  forward  current  is  higher  and  the  reverse  current  is 
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much  smaller  for  the  diode  prepared  at  250  C  than 
that  prepared  at  200  C  The  preliminary  data  showed 
that  the  short-circuit  current  of  several  tens  pA/cm2 
was  obtained  for  these  diodes  under  AM-1  illu¬ 
mination. 


4.  Summary 

It  has  been  demonstrated  that  B-doped  p-type  a-Si :  H 
films  were  prepared  by  the  reactive  RF  co-sputtering 
using  composite  targets  of  B  chips  and  Si  wafers.  No 
explosive  and/or  toxic  gases.  SiH4  or  B:Hfl.  were  used. 
The  B  concentration  in  the  film  was  directly  measured 
by  SIMS  and  could  be  controlled  by  the  quantity  of  B 
chips  and  B  concentration  in  the  Si  wafers  in  the 
composite  target.  The  film  of  the  maximum  conductivity 
of  about  5x10  4Scm  1  was  obtained  for  the  B 
concentration  of  2  x  10I9cm‘"3  and  the  Arrhenius  plot 
near  room  temperature  showed  an  activation  energy  of 
about  0.1  eV.  indicating  the  Fermi  level  close  to  the 
valence  band  edge.  The  B-doped  a-Si :  H/n-type  crystal¬ 
line  Si  diode  structure,  which  was  prepared  to  confirm 
the  p-type  doping,  showed  a  good  rectification  char¬ 
acteristic  and  a  small  photovoltaic  effect  was  observed. 
These  results  show  that  B-doped  a-Si :  H  films  in  this 
work  contain  high  concentration  of  p-type  carriers  for 
relatively  small  B  concentration,  manifesting  the  high 
doping  efficiency  of  sputtered  B.  Successful  doping  of" B 
will  pave  the  way  for  device  fabrication  by  the  sputtering 


technique,  although  further  optimization  of.  e.g., 
deposition  condition  is  still  necessary. 
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Abstract 

Positron  annihilation  lifetime  experiments  have  been  performed  for  CZ-Si  with  B  concentration  ranging  over 
8.3  x  1017-2.5  x  102O/cm3  irradiated  with  6MeV  electrons  at  room  temperature.  The  mean  lifetimes  were  hardly 
changed  in  the  specimens  with  B  below  8.0  x  1018/cm3,  and  increased  in  the  specimen  above  8.6  x  1019/cm3  by 
irradiation.  No  remarkable  lifetime  change  with  B  concentration  was  obtained  with  the  increase  of  electron  fluence  up 
to  5  x  1015e/cm2,  and  the  mean  lifetimes  of  the  specimens  with  B  more  than  8.6  x  10  /cm  increased  with  electron 
fluences  higher  than  1  x  10,6e/cm2.  It  is  concluded  that  complex  defect  clusters  of  ByO;  V~  are  formed  by  electron 
irradiation,  which  have  shorter  positron  lifetimes  than  the  bulk.  ©  2001  Elsevier  Science  B.V,  All  rights  reserved. 

Keywords :  Positron  lifetime;  Czochralski-grown  silicon;  Electron  irradiation;  Dopant  boron 


1.  Introduction 

In  our  previous  study  for  B-doped  CZ-Si  specimens 
([B]:  2  x  1015/cm3)  irradiated  at  room  temperature  with 
1  MeV  electrons  with  fluences  between  1014  and  10 17  e/ 
cm2  [1],  it  was  found  that  the  mean  positron  lifetime  of 
irradiated  Si  becomes  shorter  than  that  of  as-grown  Si, 
which  is  due  to  an  irradiation  induced  short  lifetime 
component  (approximately  lOOps).  We  have  concluded 
that  the  short-lifetime  component  is  associated  with  a 
singular  defect,  because  a  vacancy  should  have  a  longer 
lifetime  than  that  of  the  bulk.  It  has  been  suggested  that 
such  defects  are  formed  by  dopant  B  atoms,  interstitial 
oxygen  atoms,  and  electron  irradiation  induced  vacan¬ 
cies.  The  components  with  longer  lifetimes  than  that  of 
the  bulk  were  also  observed,  and  they  were  accounted  to 
relate  with  thermal  donors  and  di vacancies. 

In  this  paper,  we  report  the  positron  lifetime  study  on 
dopant  B  concentration  dependence  on  the  defect 
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complex  with  shorter  lifetime  in  order  to  clarify  the  role 
of  B  atoms. 

2.  Experimental  procedure 

B-doped  CZ-Si  wafers  with  various  B  concentrations 
([B]:  8.3  x  1017,  8.0  x  1018,  8.6  x  1019,  2.5  x  102O/cm3) 
with  [1  0  0]  orientation  and  a  thickness  of  about  1  mm 
were  prepared.  The  B  concentration  was  determined 
by  converting  the  resistivities  with  ASTM  F723-88. 
The  concentration  of  oxygen  atoms  amounted  to 
1.0  x  10,8/cm3,  which  was  obtained  by  infrared  ab¬ 
sorption  measurements  using  the  conversion  factor  IOC- 
88  [2]. 

Each  specimen  was  irradiated  with  6  MeV  electrons  at 
room  temperature  using  a  linear  accelerator.  The 
fluences  ranged  from  3  x  1014  to  1  x  10I7e/cnr.  The 
flux  rate  of  electrons  was  6.3  x  1012e/scm2. 

Positron  annihilation  lifetimes  were  measured  at  room 
temperature.  A  radioactive  22Na  source  with  an  activity 
of  346  kBq  covered  by  thin  Ni  foils  were  used.  The 
spectra  were  obtained  by  the  fast-fast  coincidence 
system.  The  full-width  at  half  maximum  (FWHM)  of 


092 1-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921-4526(01)00787-6 


262 


T.  Tanuina  et  al.  /  Physica  B  308 310  (2001)  261  264 


the  time  resolution  curves  was  1 90  ps.  Each  lifetime 
spectrum  was  accumulated  to  l  x  106 counts.  The  source 
components  were  calibrated  using  unirradiated  FZ-Si 
specimens  before  and  after  each  measurement.  The 
lifetime  spectra  were  analyzed  and  decomposed  into  two 
components  with  the  RESOLUTION  program  [3]. 


3.  Results  and  discussion 

Fig.  1  shows  the  result  of  mean  positron  lifetime 
changes  for  the  samples  with  different  B  concentrations 
as  a  function  of  electron  irradiation  doses.  The  lifetimes 
of  the  as-grown  samples  are  roughly  similar  to  each 
other;  about  215  ps.  The  lifetime  of  the  bulk  Si  has  been 
reported  to  be  218  ps  from  experiments  [4]  and  215  ps 
from  theoretical  calculation  [5].  The  lifetimes  of  the 
samples  below  8.0  x  10iX  B-a  toms/cm3  hardly  change  by 
irradiation.  On  the  other  hand,  those  above  8.6  x  10,‘>  B- 
atoms/cnv3  increase  with  irradiation.  The  amounts  of 
Frenkel  pairs  formed  by  the  electron  irradiation  are 
estimated  to  be  2.6  x  10I7/cm3  and  7.8  x  I0,4/cm3  for  the 
highest  and  the  lowest  fluence,  respectively.  Therefore, 
the  positron  lifetimes  should  be  longer  with  the 
increasing  irradiation  dose.  However,  the  irradiated 
samples  with  B  below  8.0  x  10ls/cm3  exhibit  a  somewhat 
different  manner.  It  seems  that  a  positron  cannot  be 
trapped  by  vacancies,  in  short,  and  the  vacancies 
disappear  by  forming  new  types  of  defects.  Boron 
concentration  dependence  of  the  electron  irradiation  is 
not  observed  below  fluences  of  1.0  x  10l6e/cnr,  while  it 
is  observed  clearly  above  fluences  of  1.0  x  10,6e/cm2. 

The  positron  lifetimes  of  two  component  analyses  for 
the  samples  with  different  B  concentrations  are  shown  in 
Fig.  2  as  a  function  of  electron  irradiation  dose.  The 
value  of  tf 1  is  calculated  from  r?  and  h  of  the  two- 
state  trapping  model.  The  difference  between  and  tj 
indicates  that  other  types  of  defects  coexist.  The  larger 


Fig.  1.  Mean  positron  lifetime  change  for  CZ-Si  with  different 
B  concentrations  as  a  function  of  electron  irradiation  dose. 


Fluence,  e  /cm2 


Fig.  2.  Positron  lifetimes  for  B-doped  CZ-Si  with  different  B 
concentration  as  a  function  of  electron  irradiation  dose,  (a) 
[B]  =  2.5  x  1 0-"/cnr\  (b)  [B]  =  8.6  x  I0,,/'cm\  (e)  [B]  =  8.0x 
lO'Venv'.  and  (d)  [B]  =  8.5  x  IOl7/cm\ 
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Fig.  3.  Relative  intensity  change  of  each  defect  with  electron 
irradiation  dose. 


the  difference,  the  greater  the  other  types  of  defects.  A 
detailed  discussion  was  already  reported  in  a  previous 
paper  [6].  Fig.  2(d)  shows  the  results  for  the  positron 
lifetimes  for  the  sample  with  8.3  x  1017/cm3.  Although 
the  average  lifetimes  (rav)  changes  slightly  at  about 
21 5  ps  in  a  whole  dose  range,  they  could  be  decomposed 
into  two  components.  In  the  ordinary  two  component 
analysis,  x\  is  usually  thought  to  be  the  matrix.  In  the 
present  case,  however,  we  conclude  that  12  is  the  matrix, 
and  Ti  is  the  defect,  because  if1  agrees  with  r2,  but,  not 
Tf1  with  T\ .  The  average  lifetime  of  the  short-lifetime 
defects  (tj)  is  about  80  ps.  Dannefaer  [5]  suggested  that 
the  lifetime  of  positrons  trapped  by  interstitial  oxygen 
clusters  (~  lOOps)  is  shorter  than  that  of  positrons 
annihilated  in  the  bulk  (218  ps)  in  CZ-Si.  Uedono  et  al. 
[8]  have  also  reported  that  the  lifetime  of  positrons 
trapped  by  the  substitutional  oxygen  microclusters  is 
80  ps,  and  divacancies  were  also  attributed  to  the 
formation  of  vacancy-oxygen  microclusters  in  CZ-Si. 
The  intensity  of  short-lifetime  defect  (I\)  is  low,  but  the 


short-lifetime  defect  appears  in  the  whole  irradiation 
range.  The  positron  lifetime  changes  for  the  specimen 
with  B  of  8.0  x  1018/cm3  are  presented  in  Fig.  2(c).  The 
mean  lifetime,  rav  does  not  change  at  about  215  ps, 
except  for  the  lifetime  at  1.0  x  1017e/cm2.  For  each  two- 
component  analysis,  it  was  checked  whether  x\  was  the 
defect  with  shorter  lifetime.  As  a  result,  we  obtained 
both  the  bulk  component  and  a  short-lifetime  compo¬ 
nent  of  about  lOOps  with  a  defect  intensity  of  about 
10%  with  irradiation  below  3.0  x  1016e/cm2  as  well  as 
both  the  bulk  and  a  long-lifetime  component  of  320  ps 
with  an  intensity  of  18%  with  irradiation  at  1.0  x  10,7e/ 
cm2.  The  lifetime  longer  than  that  of  the  bulk  agrees 
with  that  of  a  divacancy  (V2)  or  a  complex  with  oxygen 
(V20)  [5].  Fig.  2(b)  shows  the  result  for  CZ-Si  with 
8.6  x  1019  B-atoms/cm3.  The  analyses  reveal  that  the 
short-lifetime  defects  are  about  80 ps  below  3.0  x  1015e/ 
cm2  and  that  the  long-lifetime  defects  are  about  290  ps 
above  1.0  x  10 16  e/cm2.  Fig.  2(a)  for  B-doped  CZ-Si  ([B]: 

2.5  x  102O/cm3)  is  similar  to  the  specimen  with  B  of 

8.6  x  10,9/cm3  in  Fig.  2(b). 

We  obtained  two  types  of  defect  lifetimes.  One  is  a 
shorter  lifetime  defect  about  lOOps,  and  the  other  is  a 
longer  lifetime  defect  about  300  ps  like  a  V2  type  defect. 
Therefore,  we  try  to  fix  these  lifetimes,  and  compare 
each  relative  defect  intensity  as  a  function  of  electron 
dose  as  shown  in  Fig.  3.  It  should  be  noted  that  an 
ordinate  scale  of  intensities  becomes  double  between 
8.0  x  1018/cm3  and  8.6  x  1019/cm3.  It  is  found  that  for 
the  samples  with  B  above  8.6  x  10l9/cm3,  a  fluence 
between  3  x  1015  and  1  x  1016e/cm2  is  a  boundary  range 
where  the  major  defects  change  from  the  short-lifetime 
defects  to  the  vacancy-type  defects.  The  intensities  of 
short-lifetime  defects  of  all  samples  increase  with 
fluence.  Dependence  of  the  short-lifetime  defects  on  B 
concentrations  was  apparent.  The  intensity  of  short¬ 
lifetime  defect  becomes  higher  with  increasing  B  con¬ 
centration.  It  seems  that  B  atoms  accelerate  the 
formation  of  short-lifetime  defect  and/or  that  B  atoms 
are  related  to  the  short-lifetime  defects. 

The  phenomena  mentioned  above  can  be  explained  as 
follows.  Electron  irradiation  introduces  a  pair  of 
vacancy  (V)  and  a  self-interstitial  atom  (Sii)  called  a 
Frenkel  pair.  As  for  diffusion  of  B,  Cowern  et  al.  [9] 
proposed  a  kick-out  mechanism  that  Sii  kicks  substitu¬ 
tional  B  (Bs)  out  to  the  interstitial  regions,  and  suggested 
that  a  Bs— Sii  pair  is  stable  and  interstitial  B  (Bj)  is 
metastable.  Therefore,  it  is  thought  that  electron 
irradiation  induces  a  kick-out  mechanism,  and  then  Bj 
diffuses  and  meets  interstitial  O  (Oj).  It  is  expected  that 
B;  and  Oj  interact  with  each  other  and  create  a  complex. 
The  DLTS  measurements  by  Khan  et  al.  [10]  have  also 
suggested  that  the  V-O-B  or  B;-Oj  appeared  in  CZ-Si. 
However,  since  Bi  is  metastable,  a  reverse  kick-out 
mechanism  may  take  place  and  a  formation  of  Bs-Oj 
pair  is  certainly  expected.  We  may  consider  excess  B 
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atoms  that  are  bound  to  the  remaining  V,  but  V:B  is 
known  to  be  unstable  at  room  temperature.  Therefore,  it 
is  suggested  that  V  remains  independent.  As  the  B 
concentration  becomes  high,  the  rate  of  kick-out 
mechanism  will  be  large,  resulting  in  the  increase  in 
concentration  of  the  defect  complex.  A  high  dose  of 
electron  irradiation  will  create  such  a  complex,  but 
positron  will  not  trapped  by  it,  because  the  defect 
complex  with  a  shallow  trapping  site  will  be  masked  by 
vacancy  type  defects.  The  cause  of  disappearance  of  V- 
type  defects  for  lower  B  concentration  samples  is 
considered  by  the  supersaturated  interstitial  oxygen 
atoms  that  are  residual  without  being  perfectly  relaxed 
by  vacancies  introduced  by  the  present  low  electron 
fluences.  It  is  accounted  that  an  interstitial  oxygen  atom 
distorts  the  Si  lattice  and  changes  atomic  spacings. 
because  of  a  bigger  covalent  bonding  radius  than  that  of 
the  Si  bulk.  Since  interstitial  oxygen  atoms  induce 
dilatational  strains  in  the  Si  lattice,  the  formation  of 
complex  defects  with  vacancies  is  highly  expected.  On 
the  other  hand,  the  covalent  bonding  radius  of  B  atoms 
is  smaller  than  that  of  Si,  because  B  atoms  are  located  at 
substitutional  lattice  sites,  and  the  lattice  will  be  shrunk 
around  B  atoms.  Hakala  et  al.  have  reported  from  ab- 
initio  calculation  [7]  that  the  substitutional  B  atom 
relaxes  the  nearest-neighbor  silicon  atoms  inwards  by 
~12%  of  the  bulk  bond  length.  Therefore,  B  atoms 
work  partly  the  same  as  the  vacancies.  Since  it  is  thought 
that  interstitial  O  atoms  are  combined  with  B  substitu¬ 
tional  atoms,  it  is  safely  concluded  that  vacancies  remain 
at  free  conditions  like  or  ViB  in  the  samples  above 
8.6  x  10,9/cnr\  On  the  other  hand,  in  the  samples  below 
8.0  x  10ls/cm3,  the  vacancies  are  trapped  by  the  inter¬ 
stitial  O  atoms,  because  the  number  of  B  atoms  is 
smaller.  Accordingly,  from  the  view  of  the  short-lifetime 
defects,  they  were  more  relaxed  by  B  atoms  in  the 
specimen  with  higher  B  concentrations  and  irradiation- 
induced  vacancies  than  that  with  lower  B  concentration 
and  the  same  number  of  vacancies. 

The  present  study  clearly  indicates  that  the  induced 
short-lifetime  components  are  defect  complexes  with 
impure  interstitial  oxygen  atoms,  vacancies  and  doped  B 
atoms.  From  a  viewpoint  of  positron  trapping,  lifetimes 
shorter  than  that  of  the  bulk  result  from  both  the  smaller 


Coulomb  potential  from  the  nucleus  and  the  larger 
electron  densities  than  those  of  the  bulk.  The  proposed 
short-lifetime  model  is  satisfied  by  the  conditions, 
because  both  oxygen  and  B  nuclei  with  smaller  positive 
charges  exhibit  Coulomb  repulsive  forces  smaller  than 
that  of  the  Si  nucleus.  Accordingly,  positrons  are  easily 
trapped  by  such  complexes,  resulting  in  annihilation 
with  electrons  around  oxygen  and  boron  atoms  at  earlier 
times. 


4.  Conclusions 

The  short-lifetime  component  is  responsible  for  a 
complex  defect  with  impure  interstitial  oxygen  atoms, 
doped  B  atoms  and  vacancies.  It  wras  concluded  from  the 
positron  annihilation  experiments  that  B-doped  CZ-Si 
contains  the  complex  BvO,  V  ,  which  have  a  shorter 
positron  lifetime  than  that  of  the  bulk.  It  is  found  that  B 
is  related  with  the  short-lifetime  defects,  and  it  accel¬ 
erates  the  formation  of  short  lifetime  complexes. 


References 

[1]  T.  Tamano,  F.  Hori.  R.  Oshima.  T.  Hisamatsu.  Jpn.  J. 
Appl.  Phys.  39  (2000)  4693. 

[2]  A.  Baghdadi.  W.M.  Bullis.  M.C.  Croarkin,  Yue-zhen  Li. 
R.I.  Scacc,  R.W.  Series,  P.  Stallhofer.  M.  Watanabe.  J. 
Electrochem.  Soc.  136  (1989)  2015. 

[3]  P.  Kirkcgaard.  M.  Eldrup,  O.E.  Mogensen.  N.J.  Pedersen. 
Comput.  Phys.  Commun.  23  (1981)  307. 

[4]  M.  Saito,  A.  Oshiyama.  Phys.  Rev.  B  53  (1996)  7810. 

[5]  S.  Dannefacr,  G.W.  Dean,  D.P.  Kerr.  B.G.  Hogg.  Phys. 
Rev.  B  14  (1976)  2709. 

[6]  T.  Tamano.  F.  Hori.  R.  Oshima,  T.  Hisamatsu,  Jpn.  J. 
Appl.  Phys.  40  (2001)  452. 

[7]  M.  Hakala,  M.J.  Puska,  R.M.  Niemincn.  Phys.  Rev.  B  61 
(2000)  8155. 

[8]  A.  Uedono,  Y.  Ujihira,  A.  Ikari.  O.  Yoda.  Mater.  Sci. 
Forum  105  (1992)  1301. 

[9]  N.E.B.  Cowcrn,  G.F.A.  van  de  Walle.  D.J.  Gravesteijn, 
C.J.  Vriczema.  Phys.  Rev.  Lett.  67  (1991)  212. 

[10]  A.  Khan.  M.  Yamaguchi.  SJ.  Taylor.  T.  Hisamatsu,  S. 
Matsuda.  Jpn.  J.  Appl.  Phys.  38  (1999)  2679. 


ELSEVIER 


Physica  B  308-310  (2001)  265-267 


www.elsevier.com/locate/physb 


Interstitial  carbon  reactions  in  n-Si  induced  by  high-energy 

proton  irradiation 

K.  Kono*,  H.  Amekura,  N.  Kishimoto 

National  Institute  for  Materials  Science,  Nanomaterials  Laboratory,  3-13  Sakura,  Tsukuba,  Ibaraki,  305-0003,  Japan 


Abstract 

The  effect  of  oxygen  on  the  interstitial  carbon  reactions  in  n-Si  created  by  high-energy  proton  irradiation  was  studied 
by  an  in  situ  DLTS  measurement  system.  The  suppression  of  Watkin’s  replacement  reaction  by  trapping  of  interstitial 
silicon  was  studied.  The  release  of  the  interstitial  silicon  from  interstitial  oxygen  complex  and  the  following  interstitial 
carbon  was  studied  by  in  situ  DLTS  measurement.  Also,  the  effects  of  interstitial  carbon  reactions  on  CCD 
performance  is  discussed  as  an  example  of  application.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Defects;  Interstitial;  Oxygen 


1.  Introduction 

Vacancies  and  self-interstitials  in  Si,  induced  by  high- 
energy  proton  irradiation,  react  with  impurities  and 
form  defect  complexes,  which  produce  undesirable  deep 
levels  and  affect  device  operation.  Most  of  the  past 
studies  on  interstitial  type  defects  focus  on  reactions 
after  interstitial  carbon  (Q)  is  created  from  substitu¬ 
tional  carbon  (Cs),  replaced  by  self-interstitial  (I)  [1]. 
The  reaction  is  called  Watkin’s  replacement  reaction  and 
is  known  to  take  place  as  low  as  4.2  K  [2].  The  Q  reacts 
with  impurities  and  forms  defect  complexes.  Since  I  is 
trapped  by  O  at  low  temperature,  the  production  of  Q 
and  the  defect  complexes  is  suppressed  by  the  presence 
of  O  [1,3].  In  order  to  understand  the  whole  damage 
processes,  it  is  important  to  evaluate  the  dynamic 
reactions,  including  Watkin’s  replacement  reaction.  We 
studied  the  interstitial  reactions  using  an  in  situ  DLTS 
system  integrated  in  the  cyclotron. 

We  also  briefly  discuss  the  application  of  the  study  of 
the  interstitial  carbon  reactions  on  actual  device 
performance.  The  discussion  is  based  on  the  cooled 
CCD  onboard  the  NASA’s  Chandra  X-ray  observatory 
[4].  Its  charge  transfer  channel  was  damaged  by  protons 
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during  the  passage  of  the  radiation  belts  around  the 
earth.  We  show  the  importance  of  understanding  the 
whole  process. 


2.  Experimental 

The  samples  were  cut  from  commercially  available  n- 
Si  wafers.  Either  CZ  wafers  whose  resistivity  was 
~  1 0  Q  cm  (pho sphorus  concentration :  7  x  1 0 1 4  cm  “  3) 
or  FZ  wafer  whose  resistivity  was  in  the  range 
3-5 Ocm  (phosphorus  concentration:  3xlOl5cm-3) 
was  used.  The  oxygen  concentration  of  CZ  samples 
was  determined  to  be  2  x  1018cm-3  by  atomic  absorp¬ 
tion  analysis.  By  comparing  the  FT-IR  signal  with  FZ 
and  CZ  sample  the  oxygen  concentration  of  the  FZ 
silicon  was  determined  to  be  more  than  10  times  lower 
than  that  of  CZ  silicon.  The  carbon  concentration  in  the 
wafer  was  determined  by  chemical  analysis  to  be 
3  x  1017cm-3  for  CZ  and  5  x  1017cm-3  for  FZ  sample. 
Samples  were  cut  into  rectangular  shape  and  gold  was 
vacuum  evaporated  on  the  front  surface  to  form  a 
Schottky  diode.  An  ohmic  contact  was  formed  on  the 
other  surface. 

Irradiation  was  conducted  using  the  National  Insti¬ 
tute  for  Materials  Science  cyclotron.  A  proton  beam  of 
17  MeV  was  used  to  irradiate  the  samples.  A  closed  cycle 
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refrigerator  was  used  to  cool  the  sample  dowm  to  50  K. 
In  situ  DLTS  measurement  was  conducted  right  after 
irradiation  or  after  annealing.  The  projectile  range  of  the 
17MeV  proton  w'as  calculated  to  be  1.7  mm  according 
to  the  SRIM  calculation,  which  insures  the  absence  of 
hydrogen  remains  in  the  sample  and  the  uniformity  of 
the  defects  concentration  over  the  depth  range  [5], 

The  beam  current  density  of  the  proton  was  main¬ 
tained  at  about  30nAcm  2  and  the  total  fluence  was 
varied  from  1.0  xlO13  to  7.2  xlO13  ions  cm  2 .  The 
irradiation  was  conducted  between  200  and  300  K. 

In  order  to  avoid  the  annealing  during  the  tempera¬ 
ture  scan  of  DLTS.  the  upper  limit  of  the  scan  was 
restricted  to  the  irradiation  temperature.  In  situ  mea¬ 
surement  was  used  to  study  the  kinetic  process  of  the 
defect  reactions  without  annealing. 


3.  Experimental  results 

A  typical  DLTS  result  of  the  FZ  silicon  is  shown  in 
Fig.  L  The  sample  was  irradiated  at  200  K.  Without 
annealing,  the  Q  peak  around  70  K  (0.12eV)  can  be 
clearly  seen.  At  this  temperature,  the  diffusion  of  C(  and 
further  reactions  are  impossible  since  the  migration 
enthalpy  is  0.84 eV  [6].  Isochronal  annealing  of  30 min 
was  conducted  by  increasing  the  temperature  up  to 
400  K.  An  annealing  at  350  K  diffuses  the  Q  and  creates 
the  CjCs  structure  which  overlaps  VO  at  98  K  (0. 1 8  eV). 

Similarly  the  low  temperature  irradiation  results  of 
CZ  silicon  are  shown  in  Fig.  2.  After  irradiation  at 
200  K.  isothermal  annealing  w'as  conducted  since  pre¬ 
vious  experiments  showed  that  a  lot  of  defect  reactions 
can  be  observed  at  this  temperature  [7].  No  Q-related 
signal  is  detected  right  after  irradiation.  This  is  due  to 
the  trapping  of  I  by  O  [1,3].  The  trapping  was  previously 
studied  optically  [3].  We  have  used  in  situ  measurement 


Fig.  1.  n-type  FZ  silicon  was  irradiated  at  200  K  followed  by 
isochronal  annealing  for  30  min.  The  peak  at  70  K  corresponds 
to  C].  As  the  peak  at  98  K  increases,  the  peak  at  70  K  decreases. 


Fig.  2.  n-typc  CZ  silicon  was  irradiated  at  200  K  followed  by 
isothermal  annealing  at  250  K.  No  interstitial  carbon  related 
peak  is  observed  without  annealing. 


to  prove  the  phenomena.  The  isothermal  annealing  wpas 
conducted  to  study  the  reaction  with  the  slow'  dissocia¬ 
tion  of  IO  complex.  The  released  I  immediately  replaces 
the  Cs  and  Q  is  created.  The  diffusion  of  Q  at  250  K  is 
still  very  limited.  The  C,  reacts  with  Cs  and  forms  CiCs 
which  overlaps  VO  peak  at  98  K  (0.16eV).  However, 
during  the  isothermal  annealing  at  250  K,  Q  dissolves 
again  and  another  level  at  80  K  (0.16eV)  is  created  [7]. 

4.  Discussion 

The  result  of  isochronal  annealing  of  the  FZ  silicon 
can  be  interpreted  as  follows.  The  diffusion  of  the  Ci 
becomes  more  active  as  temperature  increases  and  C[CS 
is  formed  which  has  a  peak  overlapping  VO. 

In  the  case  of  CZ  silicon,  I  created  during  anneal  is 
trapped  by  oxygen  and  no  Q -related  signal  is  detected. 
Only  with  annealing  at  250  K  Q  is  created.  This  is  the 
clear  indication  of  the  trapping  of  the  I  by  oxygen  and 
the  resulting  suppression  of  the  generation  of  the  Q. 
After  30  min  of  annealing  QCS  at  98  K  (0.18eV)  and  C\ 
at  70  K  (0.12eV)  are  observed.  Continuous  isothermal 
annealing  dissolves  QCS  and  increases  C{  (0.12eV)  and 
another  structure  at  80  K  (0.16eV).  The  difference  in  the 
reactions  in  FZ  and  CZ  silicon  is  probably  caused  by  the 
difference  in  phosphorus  concentration  which  affects  the 
charge  states  of  the  deep  centers  and  the  stability.  The 
lower  phosphorus  concentration  in  CZ  causes  lower 
Fermi  level  and  causes  the  states  to  remain  neutral.  The 
above  charge  state  effect  is  considered  to  play  an 
important  role  in  the  difference  of  the  reactions.  The 
detailed  effects  are  still  under  investigation. 

As  an  example  to  show  the  practical  application  of  the 
knowledge  of  Q  reactions,  we  analyze  the  case  of  the 
CCD.  Similar  analysis  was  done  on  radiation  damage  of 
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the  NASA’s  Chandra  X-ray  observatory  [4],  It  has  a 
CCD  cooled  around  150K  to  detect  X-rays.  The 
radiation  induced  deep  levels  in  the  charge  transfer 
channel  caused  the  deterioration  of  the  energy  resolution 
by  trapping  of  electrons.  The  maximum  temperature  its 
circuit  could  endure  was  50°C. 

In  order  to  characterize  the  effect  of  the  radiation 
defects  on  CCD  performance,  the  value  of  CTI  is  found 
to  be  most  important.  The  CTI  stands  for  the  charge 
transfer  inefficiency  and  a  larger  value  means  more  loss 
of  charge  during  the  transfer.  Since  the  charge  transfer  is 
done  repeatedly  inside  CCD,  a  slight  increase  in  CTI  can 
result  in  a  great  loss  in  electrons  and  can  cause 
uncertainty  in  received  light  energy.  The  relationship 
between  the  capture  by  deep  centers  and  CTI  is  [8] 

cTi=(S7Vi)(exp(_9(i_exp(“5))’ 

where  Fs  is  the  volume  of  the  signal  charge  packets,  Ns  is 
the  number  of  electrons  in  the  charge  packets,  Nt  is  the 
trap  (deep  centers)  density,  Tx  is  the  transfer  time  in 
which  carrier  emission  can  occur,  it  is  the  trap  emission 
time  constant,  and  Ts  is  the  average  time  between  charge 
packets.  The  emission  time  can  be  written  as  follows: 

Ts  =  — ^Tj-ex  p  (-Tf), 

anv{Nc  \kTJ 

where  g  is  the  degeneracy  of  the  trap  level,  crn  is  the 
capture  cross  section  of  the  trap,  vt  is  the  electron 
thermal  velocity,  Nc  is  the  conduction  band  density  of 
states  and  E{  is  the  energy  level  of  the  trap. 

We  have  plotted  the  effects  of  radiation  induced 
defects  in  Fig.  3.  We  analyze  the  effects  of  the  change  of 
structures  in  FZ  and  CZ  silicon  as  an  example.1  Assume 
that  FZ-Si  is  used  for  the  manufacturing  of  the  CCD. 
Since  the  CCD  is  maintained  at  150K,  we  only  have  Q 
and  the  vacancy  type  defects.  The  exact  effect  of  CTI  is 
not  plotted  in  Fig.  3  since  an  accurate  capture  cross 
section  was  not  available,  but  its  energy  level  of  0.12eV 
is  too  shallow  to  do  any  serious  harm  at  150K.  On  the 
other  hand  QCS  produced  by  annealing  is  quite  harmful 
as  can  be  seen  from  Fig.  3.  Therefore,  in  the  case  of  FZ- 
Si  annealing  at  room  temperature  will  only  damage  the 
performance.  Even  if  we  assume  that  CZ-Si  is  used,  the 
same  conclusion  is  reached.  At  150K,  no  Q  will  be 
created  because  I  created  will  be  trapped  by  oxygen  and 
the  resulting  IO  does  not  capture  the  electrons.  Also 
there  is  no  decrease  of  vacancy  related  defects.  This 
analysis  shows  why  the  annealing  attempt  of  recovering 
the  CCD  performance  failed  and  stresses  the  importance 


1  Neither  FZ  or  CZ  silicon  wafers  we  used  are  exactly 
identical  to  the  one  used  for  Chandra.  But  as  an  example  to 
show  the  application  of  the  knowledge  it  is  sufficient. 


Temperature  (K) 

Fig.  3.  The  CTI  of  the  maximum  irradiation-induced  elec¬ 
tron  capturing  defects.  To  calculate  CTI  v{Nc  =  1.6x 
1021  T2s~]  cm-2  is  assumed.  The  capture  cross  sections  used 
are  as  follows:  VO(0.17eV)  1  x  10-14cm“2,  V2(0.23)  4  x  10“16, 
PV(0.44),  QCsCO.n)  4  x  10"17,  CP(0.30)  1  x  1(T17,  CP(0.29) 
3  x  IO-17,  CP(0.23)  4  x  1(T16,  CP(0.21)  2  x  1(T16. 


of  the  understanding  the  reactions  of  interstitial  type 
defects. 


5.  Conclusion 

The  trapping  of  the  silicon  interstitial  and  the 
resulting  suppression  of  Watkin’s  replacement  mechan¬ 
ism  was  clearly  shown  by  in  situ  DLTS  measurement. 
The  dynamic  reactions  of  the  interstitial  carbon  below 
room  temperature  were  studied.  The  possibility  of 
controlling  the  interstitial  defects  reactions  by  the 
oxygen  concentration  was  clearly  shown.  The  effect  of 
the  change  of  the  Cj-related  defects  on  cooled  CCD 
performance  is  discussed  as  an  important  example  in 
studying  the  whole  process  of  the  interstitial  defects. 
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Abstract 

The  present  work  is  devoted  to  the  investigation  of  structural  changes  accompanying  the  appearance  of  green  and 
blue  electroluminescence  in  thermally  deposited  SiOv:Tb  (.v~  1)  films  as  a  result  of  high-temperature  processing.  The 
non-destructive  optical  methods,  specifically,  measuring  transmission  spectra  in  ultraviolet,  visible,  near  and  far  IR 
area,  and  multiangle  ellipsometry  have  been  used  for  such  a  research.  Analysis  of  the  obtained  experimental  results 
allows  to  conclude  that  the  annealing-stimulated  structural  transformations  in  a  matrix  of  terbium  doped  silicon 
monoxide  films  occui  at  both  microstructural  and  macrostructural  levels  and  have  an  essential  and  complex  influence 
on  the  film  radiative  performances.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Microstructure:  Macrostructure:  Silicon  monoxide;  Electroluminescence 


1.  Introduction 

Silicon  monoxide  films  (SiOv,  .y  -  1 )  have  attracted  the 
attention  of  many  researchers.  Their  physical  properties 
are  acceptable  for  the  development  of  luminescent  layers 
for  the  light-emitting  structures.  The  ZnS  films  are 
widely  used  for  this  purpose.  The  SiOv  films,  however, 
do  not  degrade  in  the  presence  of  the  atmospheric  water 
vapour.  Besides,  unlike  the  ZnS  films,  they  have  a  lower 
refraction  index,  allowing  to  substantially  increase  the 
radiation  from  thin-film  electroluminescent  structures 
(TFELS). 

Recently  [1].  the  new  TFELS  with  terbium  doped 
silicon  monoxide  emitting  layer  have  been  developed,  in 
which  for  the  first  time  the  colour  of  the  electrolumines¬ 
cence  (EL)  could  be  changed  from  green  to  blue.  The  EL 
colour  change  has  been  achieved  by  high-temperature 
processing.  The  present  work  is  devoted  to  the 
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investigation  of  structural  changes  occurring  in  a  matrix 
of  thermally  deposited  SiOv:Tb  (a  -  I)  films  as  a  result 
of  high-temperature  processing. 


2.  Technique  and  samples 

SiOv:Tb  films  with  thickness  of  about  0.5  m  km  were 
obtained  by  simultaneous  vacuum  deposition  of  SiOv 
and  TbFi  vapours  volatilized  from  separate  sources  on 
pure  silicon  and  sapphire  substrates  heated  to  the 
temperature  of  200  C.  The  residual  pressure  was 
0.6  mPa  and  the  deposition  rate  was  -  1  nm/s.  The  film 
thickness  was  measured  with  an  interferometer.  The  Tb 
concentration  in  films  was  1 .5  at%.  The  EL  spectra  were 
obtained  using  films  deposited  on  the  BaTiOj  ceramic 
substrate. 

The  high-temperature  treatment  of  films  was  done  in 
air  within  600-1000  C  range  of  annealing  temperature 
( 77, )  for  1  h  with  the  subsequent  slow  cooling.  Without 
this.  SiOv:Tb  films  did  not  display  any  photo-  or 
electro-luminescence.  The  IR-  and  the  visible-transmis¬ 
sion  spectra  were  taken  using  Perkin-Elmer-599B  and 
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SPECORD  UV  VIS  spectrophotometers.  Ellipsometrical 
measurements  were  made  with  LEF-3M  ellipsometer 
(X  =  632.8  nm). 

3.  Results  and  discussion 

The  EL  spectra  of  SiOA :  Tb  films  annealed  at  various 
Td  are  shown  in  Fig.  1 .  It  can  be  observed  that  annealing 
at  800°C  results  in  the  common  EL  of  terbium  with  a 
maximum  at  A=  540nm.  It  corresponds  to  5D4-7F5 
emissive  transition  [2].  Such  an  EL  was  earlier  observed 
in  SiOv:Tb  films  annealed  at  600°C  [3].  The  rise  of 
annealing  temperature  to  800°C  considerably  increases 
its  intensity.  However,  annealing  at  higher  Ta  changes 
the  EL  spectrum  a  lot:  the  intensity  of  bands  in  blue  area 
increases  by  about  2  orders  of  magnitude,  and  the  dark 
blue  EL  becomes  dominant.  The  intense  band  closer  to 
X  =  385  nm  (5D3-7F6)  is  observed  in  EL  spectrum.  The 
structure  of  Tb  ion  energy  levels  is  well  known  [2],  and 
the  observed  EL  maxima  matches  it  well.  Therefore,  the 
apparent  changes  in  EL  spectrum  are  tied  to  the 
violation  of  selection  rules  and  probabilities  of  the 
relevant  transitions  of  Tb3+  ion,  which  is  the  conse¬ 
quence  of  high-temperature  annealing.  This  can  be 
caused  by  the  structural  changes  in  an  amorphous  SiOA- 
network,  or  by  the  structural  change  of  a  cluster 
surrounding  the  impurity  ion. 

The  optical  constants  ( n:  refraction  index,  k :  absorp¬ 
tion  index)  and  film  thickness  ( d )  were  determined  with 


arb.  intensity 


Fig.  1.  The  EL  spectra  of  SiOA  :Tb  films  annealed  at  800°C  (1) 
and  1000°C  (2). 


the  help  of  the  computer  program  described  in  [4,5].  The 
model  of  homogeneous  and  isotropic  substrate  and  film 
was  used.  The  following  n  values  are  obtained: 

Ta  (°C)  200  600  800  1000 

n  1.84  1.89  1.84  1.745 

The  T(X )  transmission  spectra  of  single-stage  annealed 
SiO  v :  Tb  films  on  sapphire  substrates  in  the  visible  range 
of  a  spectrum  are  shown  in  Fig.  2.  The  behaviour  of 
transmission  spectra  with  an  increase  of  annealing 
temperature  is  non-monotonous.  In  the  interval  of 
Ta  =  200— 800°C,  the  long-wave  shift  of  absorption 
edge  increases  with  increase  of  Td.  However,  further 
increase  of  Ta  causes  the  short-wave  shift  of  transmis¬ 
sion  spectrum  of  such  films  relative  to  the  T(X)  spectrum 
at  Ta  =  800°C:  the  higher  the  TiU  the  greater  the  shift. 
As  a  result,  the  film  annealed  at  1000°C  becomes 
somewhat  more  transparent  in  the  visible  range  of  the 
spectrum  than  the  initial  as-deposited  SiOA :  Tb  films. 

Fig.  3  shows  the  SiOA- :  Tb  IR-absorption  spectra  for 
the  annealed  film  at  varying  temperatures.  For  the  as- 
deposited  film,  the  wide  high-intensity  absorption  band 
with  a  maximum  (vm)  closer  to  1000  cm-1  is  observed. 
The  shift  of  this  band  towards  higher  frequencies 
(vm  =  1055  cm”1)  occurring  at  just  600°C  as  well  as  some 
narrowing  of  it  were  observed.  The  annealing  at  800°C 


T 


Fig.  2.  Transmission  spectra  of  SiO  v :  Tb  films  on  sapphire 
substrate:as-deposited  (1)  and  annealed  at  Ta  =  600°C  (2); 
800°C  (3);  1000°C  (4). 


270 


V.S.  Khomchenko  et  al.  j  Phvsica  B  308-310  (2001)  268  271 


T  (arh.  units) 


Fig.  3.  IR-absorption  spectra  of  as-deposited  (1)  and  annealed 
in  air  (2.3)  SiO,  :Tb  films.  T,x  =  800  C  (2)  and  1000  C  (3). 

causes  further  band  shift  towards  higher  frequencies 
(vm  =  1085  cm  ').  along  with  a  further  increase  and 
narrowing.  The  extended  shoulder  appears  on  its  high- 
frequency  part.  These  are  the  typical  features  of  the 
fused  silica  IR-spectrum.  Also,  besides  this,  there  are 
absorption  bands  closer  to  460  and  800  cm  specific 
for  the  network  of  glassy  SiO:.  Annealing  at  1000'C 
leads  to  an  even  more  prominent  display  of  Si02  spectra 
features  in  the  absorption  spectrum  of  annealed  film. 

The  change  of  n  at  /  =  632.8  nm  located  at  the 
absorption  edge  (see  Fig.  2)  can  be  caused  by  the  shift  of 
the  optical  absorption  edge,  and  accordingly,  by  a  shift 
of  dispersion  curve  /?(/)  [6],  In  turn,  the  shift  of  optical 
absorption  edge  is  caused  by  the  change  of  microstruc¬ 
ture  of  a  film,  i.e..  in  the  case  of  amorphous  films, 
change  of  statistical  parameters  describing  the  short- 
and  middle-range  order  in  them.  On  the  other  hand,  the 
change  in  n  can  be  caused  as  well  by  the  film 
macrostructure  change,  such  as  its  texture,  degree  of 
macroscopic  compactness  caused  by  occurrence  or 
disappearance  of  pores,  hollows,  flaws  (cracks),  etc.  [7]. 

The  values  of  x  in  SiOv :  Tb  films  were  estimated  using 
the  obtained  n  values  as  well  as  using  n(.\)  dependences 
for  thermally  evaporated  SiO  v  films  [8]  and  are  given  in 
Table  1.  The  A/.  for  as-deposited  film  is  1.17,  and  it 
decreases  to  -  0.05-0.1  at  7;  =  600-700  C.  Appar¬ 
ently,  the  film  structure  changes  are  caused  by  secondary 
(after  the  deposition)  redistribution  of  positions  and 
bonds  among  the  particles,  and  partial  decomposition  of 
random-bonding  network  which  is  accompanied  by  a 


Tabic  1 

Stochiomctry  indexes  for  SiOA:Tb  calculated  from  ellipsome- 
trically  measured  refraction  index  (ay)  and  from  the  IR- 
absorption  peak  position  (.yjr) 


ra 

•Vi: 

Air 

air  ay 

Deposition 

1.17 

1.18 

0.01 

600  C 

1.12 

1.63 

0.51 

800  C 

1.17 

1.96 

0.79 

1000  C 

1.28 

1.96 

0.68 

desorption  of  oxygen.  At  T,x  -  800  C,  the  rise  of  a 
becomes  observable  (caused,  apparently,  by  further 
oxidation  process).  This  oxidation  intensifies  at 
7;,  =  1000  C.  However,  there  is  no  complete  film 
oxidation  for  Si02.  This  is  also  confirmed  by  the 
data  on  the  optical  absorption  edse  for  these  films 

(Fig.  2). 

It  has  been  shown  in  Refs.  [9,10]  that  the  micro¬ 
structure  of  SiOv  films  obtained  by  thermal  evaporation 
of  silicon  monoxide  corresponds  to  the  random  bond¬ 
ing  model  (RBM).  Within  the  framework  of  the 
RBM  model  [11],  the  SiOv  film  represents  the 
single-phase  statistical  intermixture  of  Si— (Si,.04 ..,.) 
(0<r  <4)  tetraedra  bound  through  bridging  oxygen. 
In  these  works,  the  empirical  vm(A)  dependence  for  such 
films  has  also  been  determined.  We  have  utilized  these 
dependences  to  determine  the  oxygen  content  in  our 
films.  The  values  obtained  are  given  in  Table  1.  For  the 
as-deposited  SiOv :  Tb  films,  the  value  thus  obtained  is 
air  =  1.18.  It  conforms  very  well  to  ay  =  1,17.  How¬ 
ever,  for  the  high-temperature  annealed  films,  such 
conformity  of  ay  and  air  values  has  not  been  observed. 
Thus,  one  can  conclude  that  the  microstructure  of 
SiOv:Tb  films  annealed  at  high  temperatures  cannot  be 
described  by  the  RBM.  Such  films  have  an  increased 
content  of  areas  with  SiCMike  stochiometry  (compared 
to  the  statistics  of  random  bonding).  However,  at 
T;i  >  800  C  the  improvement  in  the  film  homogeneity 
is  observed.  Apparently,  such  an  ordering  of  film 
structure  improves  the  carrier  heating  conditions  in  the 
electric  field. 

So,  it  has  been  shown  that  film  structure  changes  and 
that  light-emitting  characteristics  are  non-monotonic 
when  the  annealing  temperature  rises.  The  occurrence  of 
green  EL  (Ta  =  600- 800' C)  is  accompanied  by  a 
structural  reorganization  of  a  matrix  resulting  in  partial 
decomposition  of  deposited  films.  As  a  result,  these  films 
represent  an  intermixture  of  several  phases— Si.  SiOv 
and  Si02.  Films  displaying  blue  EL  (7a~  1000'C).  have 
a  comparatively  higher  content  of  oxygen,  better 
compactness,  and  macroscopic  homogeneity  com¬ 
pared  with  both  as-deposited  and  annealed  at  600- 
800  C  films. 
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Abstract 

We  have  studied  the  agglomeration  mechanism  of  impurity  B  ions  due  to  a  high-dose  ion  implantation  into  Si. 
making  use  of  a  defect  analysis  performed  with  a  molecular  dynamic  simulation.  Beyond  a  threshold  level  of  impurity 
concentration,  ion  irradiation  drastically  changes  the  spatial  distribution  of  crystal  atoms,  which  promotes  the 
agglomeration  significantly.  The  lattice  reaction  for  the  ion  impact  was  often  synergistic  and  depended  strongly  on 
the  temperature  of  the  host  target,  even  with  the  same  condition  of  irradiation  energy.  At  a  temperature  of  100  K, 
the  agglomeration  once  increased  then  decreased,  because  dissociation  took  it  over.  Above  200  K,  how¬ 
ever,  the  agglomeration  progressed  with  ion  impact.  Such  an  analysis  was  possible  by  means  of  pixel  mapping  that 
showed  the  long-range  interactions  between  atoms  in  a  crystal,  (o  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  31.15.Qg:  61.80.Jh;  68.43.Jk 

Keywords:  Radiation  annealing:  Agglomeration:  Molecular  dynamics 


1.  Introduction 

The  impurity  agglomeration  is  often  observed  due  to 
high-dose  ( <P )  ion  implantation,  when  the  concentration 
exceeds  a  certain  level.  For  example,  the  critical 
concentration  is  1-2  at%  for  cases  of  Au,  Ag,  B,  in  Si 
[1].  We  have  looked  at  an  experiment  [2]  of  B 
implantation  into  Si(100)  with  an  energy  of  35keV 
with  <P  =3  x  10lf’-~l  x  10l7cm  2  at  RT,  which  confirmed 
the  formation  of  Bi:  clusters.  A  qualitative  explanation 
based  on  the  formation  enthalpy  failed  to  explain  the 
agglomeration  of  impurity  ions  with  a  few  %,  because 
impurity  ions  are  separated  from  each  other  farther  than 
10  A  in  average. 

When  a  crystal  is  heavily  irradiated,  accumulated 
defects  may  cause  a  synergistic  reaction  of  a  phase 
transition  or  a  new  event  [3].  It  strongly  depends  on  the 
temperature  of  the  host  crystal,  7),,  and  the  irradiation 
energy,  £,  as  well  as  amorphization  of  a  crystal,  the 
impurity  agglomeration  is  a  typical  case  of  it.  In  this  case 
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of  B  implantation  into  Si,  the  homogenous  amorphiza¬ 
tion  occurs  at  71,  < 200-300  K  [4]  and  <P  >  lO^cm-2  [5]. 
Since  we  are  looking  at  a  case  of  71,  —  RT  and 
1 01 7  cm  2  [2],  the  agglomeration  mechanism  should 
closely  relate  to  amorphization. 

Making  use  of  molecular  dynamics  (MD)  we  proved 
that  ion  irradiation  was  indispensable  for  agglomera¬ 
tion.  We  reproduced  the  B  agglomeration,  up  to  BM 
clusters,  and  also  confirmed  that  the  critical  concentra¬ 
tion  for  B  clustering  was  2%  as  was  measured  [1].  This 
concentration  demanded  us  to  solve  the  mechanism  by 
considering  long-range  interactions  between  atoms. 
Therefore,  we  proposed  a  new  analysis  of  pixel  mapping 
(PM)  that  could  reveal  the  cooperative  behavior  of 
atoms  in  a  crystal  [6],  for  studying  the  correlation 
between  the  lattice  reaction  and  the  agglomeration. 

2.  Method:  parallel  analyses  during  the  course  of  MD 
simulation 

In  order  to  depict  the  lattice  reaction  for  ion 
bombardment,  we  took  7j,  from  100  to  400  K.  The 
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reason  for  the  higher  end  of  400  K  was  being  afraid  of  an 
irradiation  heating,  whereas  the  lower  end  was  to 
suppress  the  thermal  effect  as  much  as  possible.  The 
elevated  Th  was  supposed  to  be  less  than  50°,  while  the 
nominal  value  was  Th  =  RT.  The  average  energy  of  the 
projectiles  entering  the  MD-box  was  4.5keV[l].  When 
we  bombarded  Si  crystal  whose  initial  concentration  of 
impurity,  C0,  was  a  few  %  with  energetic  ions  of 
1  keV^is^SkeV,  projectiles  caused  agglomeration  but 
they  themselves  run  through  the  MD-box  [1].  Therefore, 
in  the  present  calculation  we  analyze  the  intermediate 
processes  resulting  in  the  agglomeration,  with  the 
conditions  Em ax  =  5  keV  and  Co  =  3%.  The  following 
quantities  are  calculated  at  each  moment  when  the 
system  is  thermalized  after  each  ion  impact.  The  longest 
cooling  time  was  2  ps. 

Three  types  of  radial  distribution  functions,  g(r ),  were 
calculated,  where  r  stands  for  the  internuclear  distance. 
The  g(r)  for  the  Si-Si  correlation  shows  the  entire 
imperfection  of  the  host  crystal,  that  for  the  B-Si  the 
stability  of  B  atoms  accommodated  in  a  Si  crystal,  and 
that  of  B-B  the  progress  of  the  agglomeration.  We  take 
the  longest  distance  r  for  g(r)  5  A  for  all  cases  because  of 
the  cut-off  lengths  of  the  potentials  adopted. 

If  agglomeration  had  started,  the  mesoscopic  view  of 
the  intermediate  process  following  ion  irradiation  is 
obtained  from  the  size  distribution  of  Bm  clusters  that  is 
made  of  m  B  atoms.  The  index  of  agglomeration,  k(n),  is 
the  fraction  of  agglomerated  B  atoms  in  the  MD-box 
after  the  nth  impact: 


k(n)  = 


Ei»= 2 

Em=  1  ’ 


(1) 


We  proposed  a  new  method  of  PM,  in  order  to 
analyze  the  cooperative  change  relating  to  defects  in  a 
crystal,  which  is  parallelly  done  with  the  MD.  It 
identifies  atoms  whether  they  are  in  the  stable, 
metastable,  or  unstable  sites.  The  detailed  algebra  is 
explained  elsewhere  [6].  The  definition  of  Nj(n)  is  the 
occupied  fraction  of  the  /th  kind  of  pixel  after  the  nth 
ion  impact.  When  a  Si  crystal  is  perfect,  a  Si  atom 
is  placed  in  a  stable  pixel  (1)  or  (2),  which  gives  us 
Ar(1}(0)  =  N( 2)(0)  =  0.5.  A  metastable  pixel  {H}  includes 
one  “H-site”  at  its  center,  which  is  mathematically  and 
physically  paired  with  a  (1)  pixel.  The  similar  relation 
stands  between  (2)  and  {T}.  The  ensemble  of  pixels  (1) 
and  (2)  forms  a  real  FCC  structure,  respectively,  while 
that  of  the  {H}  or  {T}  forms  a  virtual  one. 

All  the  residual  pixels  offer  unstable  sites  for  the  target 
atoms.  The  geometric  relation  of  <1')  with  (1)  is  as 
follows.  According  to  normal  crystallography,  an 
ensemble  of  the  stable  sites  of  a  diamond  crystal  forms 
a  honeycomb  lattice  on  a  (111)  plane.  Therefore,  the 
centers  of  pixels  (1)  form  such  a  honeycomb,  whereas 
those  of  the  unstable  pixels  <1'>  form  a  smaller 
honeycomb  in  the  same  plane,  which  is  exactly  half  the 


size.  All  other  kinds  of  unstable  pixels  have  the  same 
relation  to  their  own  parent  lattice .  The  superior 
difference  of  the  PM  to  other  analyses  is  to  show  the 
long-range  information  from  an  ensemble  of  atoms  that 
locate  at  physically  equivalent  positions  in  a  periodic 
crystal. 


3.  Results 

The  calculations  were  done  with  conditions  of 
Emax  =  5  keV  and  C0  =  3%.  Before  starting  ion  impact, 
we  leave  the  system  until  the  thermalization  has  been 
established  for  2-3  ps,  at  longest.  With  this  process,  the 
initial  state  was  N{ i}(0)  =  A(2)( 0)  =  0.5  for  Si  atoms.  The 
B  atoms  preferably  occupied  the  metastable  {T}  or  {H} 
sites,  not  substitutional  ones.  Here,  the  total  number  of 
the  Si  atoms  is  4096  for  Th  =  400  K  and  1728  for  other 
cases.  The  number  of  ion  impacts  is  determined  by  a 
Monte-Carlo  calculation.  The  experimental  condition  of 
0  =  1017cm~2  corresponds  to  about  150  impacts  onto 
an  MD-box  if  it  contains  1728  Si  atoms.  Then  we  took 
200  projectiles  at  the  maximum. 

3.1.  The  lattice  response  described  by  Nj(n )  superior 
to  g(r) 

The  three  kinds  of  g(r)  were  calculated  during  the 
course  of  the  ion  impacts  at  7h  =  400  K.  Each  profile 
changed  monotonously  to  its  random  one.  Once  a 
random  state  was  achieved,  the  change  looked  irrever¬ 
sible.  In  the  case  of  Th  =  100K,  after  a  drastic 
disappearance  of  the  Si  atoms  located  at  the  stable 
states  (1,2),  all  the  pixels  were  soon  occupied  with  even 
probability,  i.e.,  a  random  state  was  achieved  [6].  On  the 
other  hand,  no  drastic  change  appeared  in  the  case  of 
7h  =  400  K.  Moreover,  crystalline  atoms  react  coopera¬ 
tively  in  a  more  complicated  way  as  is  shown  in  Fig.  1 . 
Fig.  la  shows  the  fraction  of  Si  atoms  accommodated 
at  the  stable  (1,2)  and  the  metastable  {T,H}  pixels. 
Fig.  lb  shows  those  of  the  unstable  pixels  <2',  H'>  and 
<1',T'>.  In  Fig.  lc,  the  case  of  the  B  atoms  is  shown. 
The  B  atoms  were  accommodated  at  the  {T,  H}  pixels, 
then  (1,2)  pixels,  as  if  they  exchange  the  sites  with  the  Si 
atoms. 

The  remarkable  differences  of  the  lattice  reaction  at 
Th  higher  than  100  K  are:  (1)  Pronounced  peaks  other 
than  the  stable  ones  appeared  before  the  random  state  is 
achieved.  That  is,  one  kind  of  the  unstable  <2',  H'>  sites 
dominated,  then  the  metastable  (T,  H}  sites  appeared. 
(2)  There  appeared  clear  difference  in  the  occupation 
rule  between  the  <2',H'>  and  <1',T'>  sites.  Fig.  1  gives 
us  the  details  of  the  synergistic  reaction  of  a  crystal 
according  to  the  ion  impacts.  The  first  value  of 
AT(1)(0)  =  7V( 2)(0)  =  0.5  implies  that  the  crystal  was 
almost  perfect.  When  irradiation  began,  atoms  were 
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Fig.  1.  The  PM  of  Si  atoms  at  400  K.  as  the  function  of  ion 
impact.  The  fraction  of  Si  atoms  accommodated  at  the  stable 
(K2)  or  the  metastable  {T,  Hj  sites  is  shown  in  (a),  while  those 
of  the  unstable  sites  <  l/.2'.T'.H,>  are  shown  in  (b).  The 
corresponding  profile  of  the  B  atoms  at  the  stable  (1.2)  or  the 
metastable  {T.  H}  sites  is  shown  in  (c). 

synergistically  moved  to  the  unstable  sites,  then  to  the 
metastable  sites.  With  further  irradiation,  such  a 
cooperative  movement  is  lost,  where  crystallinity  existed 
no  more. 

3.2.  The  lattice  reaction  depending  on  Tj,:  Nj(n) 

The  rigidity  of  the  target  crystal  depends  on  7h,  which 
is  interestingly  seen  by  the  PM.  as  is  shown  by  the 


Fig.  2.  The  7h  dependence  of  the  collapse  of  the  Si  crystal,  by 
means  of  the  PM  for  Si  atoms,  (a)  Stable  sites  (1,2)  and  (b) 
mctastablc  sites  {T,  H). 


abrupt  decrease  in  Fig.  2a.  At  Th  =  100  K,  the  crystal¬ 
line  system  was  transferred  almost  straightforwardly  to 
a  random  state,  without  dominant  occupation  of  the 
unstable  or  metastable  sites  as  was  shown  in  Fig.  1.  As  is 
shown  in  Fig.  2b,  metastable  sites  {T,  H)  grow  as  Th 
increases.  At  7^  =  200  K,  this  peak  was  sharp  but  low; 
at  rh  =  300K,  this  peak  became  very  sharp  and  high; 
then  at  T\}  =  400  K  it  became  distinguished.  We  knew 
that  the  reaction  mechanism  of  the  crystal  definitely 
changed  between  100  and  200  K. 

3.3.  The  agglomeration  promoted  by  the  lattice 
deformation 

At  Tu  =  100  K.  the  Si  atoms  had  moved  suddenly 
from  the  stable  states.  At  the  same  time,  agglomeration 
increase  significantly  progressed.  The  k(n)  defined  by 
Eq.(l)  once  increased  significantly  across  this  critical 
moment,  then  decreased.  The  final  decrease  implies  the 
dissociation  by  further  ion  impact. 

Fig.  3  shows  the  Th  dependence  of  the  k(n).  Lines  are 
drawn  to  guide  the  eyes.  The  thick  line  indicates  the  case 
of  Th  =  100  K.  while  thinner  lines  indicate  rh^200K. 
As  a  matter  of  course,  both  agglomeration  and 
dissociation  coexisted  during  the  cluster-growth  process 
and  Bn  clusters  were  positively  produced  at  first.  After 
this  first  stage,  the  competition  between  the  agglomera¬ 
tion  and  dissociation  became  different  depending  on  the 
Th.  At  71,=  100  K.  the  dissociation  overcame  the 
agglomeration  finally.  On  the  contrary,  when  the  target 
was  not  extremely  cold,  i.e.,  71,  $5  200  K.  agglomeration 
looked  continuously  dominant  although  a  tendency  of 
saturation  slightly  appears  finally.  This  behavior  ex¬ 
plained  that  the  radiation  annealing  practically  pro¬ 
moted  the  agglomeration. 


4.  Conclusions 

We  studied  the  correlation  between  impurity  agglom¬ 
eration  and  the  crystal  damage,  by  means  of  the  parallel 
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Fig.  3.  The  7h  dependence  of  the  index  of  agglomeration  as  a 
function  of  the  ion  impacts.  The  thick  line  indicates  the  case  of 
Th  =  100K,  the  thinner  ones  from  200  to  400  K.  Lines  were 
drawn  to  guide  the  eyes. 

analysis  of  a  MD  and  PM  [6],  in  the  case  of  high-dose 
implantation  of  B  ions  into  a  Si  crystal.  We  prepared  a 
super-saturated  B  in  Si,  and  examined  how  the  lattice 
reaction  progressed.  The  defect  formation  differed 
definitely  between  100  and  200  K.  At  a  low  temperature 
of  100  K,  the  Si  crystal  collapsed  abruptly  at  a  moment 
during  the  ion  impacts,  then  the  spatial  distribution  of 
the  Si  atoms  turned  to  be  random  immediately.  Across 
the  critical  moment,  agglomeration  was  drastically 
promoted.  However,  dissociation  overcame  the  agglom¬ 


eration  finally.  At  temperatures  higher  than  200  K,  such 
a  cooperative  response  differed,  where  agglomeration 
always  overcame  the  dissociation.  Therefore,  concluding 
remarks  are:  (1)  The  impurity  agglomeration  is  due  to 
the  cooperative  reaction  of  the  crystal  atoms  performing 
long-range  interactions.  (2)  The  radiation  annealing 
promoted  the  agglomeration. 
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Abstract 

We  found  many  optical  absorption  peaks  in  electron-irradiated  n-type  Si  crystals.  Specimens  were  prepared  from 
various  Si  crystals.  After  chemical  etching,  they  were  irradiated  with  3-MeV  electrons  at  RT.  Their  optical  absorption 
spectra  were  measured  with  an  FT-IR  spectrometer  at  temperatures  in  the  range  of  5K  and  RT  with  a  resolution  of 
0.25cm-1.  Many  optical  absorption  peaks  were  observed  in  the  wavenumber  range  between  950  and  1600cm" 1  only  in 
n-type  (phosphorus-doped)  floating-zone  grown  Si  crystals.  Hence,  they  are  due  to  donors.  They  were  not  observed  in 
Czochralski-grown  Si  (CZ-Si)  crystals.  This  suggests  that  these  peaks  are  due  to  complexes  of  phosphorus  and  vacancies 
since  most  vacancies  in  CZ-Si  form  pairs  (A-center)  with  oxygen  because  of  very  high  concentration  of  oxygen.  They 
disappeared  by  annealing  at  above  200  C.  (O  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Optical  absorption  measurements  of  electron-irra¬ 
diated  silicon  crystals  have  been  conducted  since  the 
1950s  (see,  as  a  review,  Ref.  [1]).  In  these  studies,  many 
absorption  peaks  were  observed.  Some  are  due  to 
electronic  transitions  associated  with  divacancy,  and 
some  are  due  to  vibrational  transitions  associated  with 
pairs  of  vacancies  and  oxygen  atoms  and  so  on.  We 
found  many  optical  absorption  peaks  in  electron- 
irradiated  floating-zone  grown  silicon  crystals  (FZ-Si). 
They  are  probably  due  to  electronic  transitions  asso¬ 
ciated  with  vacancy-phosphorus  pairs. 


2.  Experimental 

Specimens  used  in  this  study  were  prepared  from 
FZ-Si  crystals  of  n-type  and  p-type  (boron  concentra¬ 
tion:  1.5  x  10,6cm  ?)  and  Czochralski-grown  Si  crystals 
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(CZ-Si)  of  n-type  (phosphorus  concentration: 
5.2  x  lO^cm  3).  The  phosphorus  (P)  concentrations  of 
the  n-type  FZ-Si  specimens  of  FI,  F2  and  F3  were 
1.5  x  10lf\  5.8  x  I015  and  2.4  x  101:>atomscm  \  respec¬ 
tively.  We  irradiated  specimens  with  3-MeV  electrons  at 
RT  and  measured  the  optical  absorption  spectra  of 
irradiated  specimens  with  an  FT-IR  spectrometer 
equipped  with  a  continuous-flow-type  liquid  helium 
cryostat  in  a  temperature  range  between  5K  and  RT. 
The  spectral  resolution  was  0.25cm"  !. 


3.  Results  and  discussion 

Fig.  1  shows  the  optical  absorption  spectrum  of 
electron-irradiated  FZ-Si  specimen,  FI.  Many  peaks 
were  observed.  The  spectrum  of  F2  was  similar  to  Fig.  1 . 
On  the  other  hand,  that  of  F3  showed  only  two  peaks  at 
about  1150.6  and  1156.5cm"1,  which  are  the  strongest 
peaks  in  Fig.  1.  Other  peaks  were  not  observed  probably 
because  of  small  concentrations  of  defects  in  this 
specimen.  The  peak  positions  of  Fig.  1  are  at  larger 
wavenumbers  than  those  due  to  vibrational  transitions 
except  those  of  hydrogen,  nitrogen  and  oxygen,  the 
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Fig.  1.  Optical  absorption  spectrum  of  the  specimen  FI  after  electron-irradiation  of  4  x  10l6cm 


concentrations  of  which  are  very  small  in  our  specimens. 
Hence,  these  are  due  to  electronic  transitions  associated 
with  complexes,  which  include  point  defects  generated 
by  electron-irradiation  of  specimens.  One  evidence  for 
electronic  transitions  is  that  these  peaks  were  not 
observed  in  irradiated  p-type  FZ-Si.  Complexes  respon¬ 
sible  for  these  peaks  are  thought  to  include  vacancies  (V) 
since  these  peaks  were  not  observed  in  CZ-Si.  Most 
vacancies  generated  by  electron-irradiation  of  CZ-Si 
crystals  are  known  to  form  pairs  with  oxygen  atoms  and 
some  form  divacancies,  when  the  irradiation  dose  is 
below  1018cm~2  [2].  We  tried  to  classify  these  peaks 
assuming  the  effective-mass  theory  but  were  unsuccess¬ 
ful.  Hence,  we  could  not  determine  the  number  of 
species  of  complexes  responsible  for  these  peaks.  This  is 
discussed  later  in  connection  with  temperature  depen¬ 
dence  of  the  peak  intensities. 

We  propose  that  complexes  responsible  for  these 
peaks  include  V  and  P  according  to  following  discussion. 
As  is  well-known,  optical  absorption  peaks  due  to 
divacancies  are  observed  at  around  2700  cm”1  [3]  and 
hence,  divacancies  are  not  responsible  for  these  peaks. 
The  probabilities  to  form  complexes  larger  than 
divacancy  are  considered  to  be  low,  since  the  irradiation 
dose  was  not  large.  Hence,  complexes  composed  of  only 
vacancies  are  not  the  defects  responsible  for  these  peaks. 
Pairs  of  V  and  P,  so-called  the  E-center,  are  known  to  be 
easily  formed  [4]  due  to  irradiation  of  P-doped  Si. 
According  to  a  study  by  means  of  EPR  method,  the 
E-center  has  an  acceptor  level  at  about  0.44  eV  below  the 
bottom  of  the  conduction  band  (Ec)  [4].  It  is  EPR- 
inactive  when  the  Fermi  level  is  above  that  level. 
Kimerling  et  al.  [5]  found  electron-trap  levels  at  Ec  = 
0.11,  0.20,  0.30  and  0.44  eV  in  electron-irradiated  n-type 
Si  crystals.  Some  of  them  may  be  optically  active.  We 
tentatively  propose  that  the  V-P  pairs  in  an  appropriate 
charge  state  are  responsible  for  these  peaks.  There  may 
be  high  probability  to  form  V2P  by  reaction  between  an 
E-center  and  V.  Lugakov  and  Luk’yanitsa  [6]  suggested 


that  the  V2P  has  acceptor  levels  at  the  lower  half  of  the 
band  gap.  If  this  is  the  case,  V2P  complexes  are  not 
responsible  for  our  spectrum. 

We  should  compare  the  above  spectrum  with  that 
observed  in  neutron-irradiated  Si.  More  than  40  optical 
absorption  peaks,  so-called  the  higher-order  band 
(HOB),  were  found  in  neutron-irradiated  Si  crystals  in 
the  wavenumber  range  from  650  to  1300  cm”1  [7].  Their 
peak  positions  are  different  from  those  of  Fig.  1. 
Moreover,  as  shown  later,  their  thermal  stability  is  also 
much  different  from  those  of  Fig.  1 .  Hence,  we  conclude 
that  the  above  peaks  are  different  from  the  HOB. 

Fig.  2  shows  dependence  of  the  intensity  of  the 
1156.5  cm”1  peak  in  various  specimens  on  the  electron 
dose.  In  the  case  of  specimens,  FI,  there  is  a  peak  at  a 
dose  of  around  6  x  1016cm”2.  This  peak  seems  to  shift 
to  lower  doses  as  the  phosphorus  concentration  becomes 
smaller  as  suggested  from  curves  of  F2  and  F3.  At  low 
doses,  the  peak  intensity  of  FI  increased  as  the  dose 
increased  probably  due  to  the  increase  of  V-P  pairs.  We 
should  recollect  our  previous  results  in  relation  to  this 
interpretation.  As  shown  in  a  separate  paper  [8],  we 
studied  the  formation  of  VH2  complex  due  to  electron- 
irradiation  of  hydrogen-doped  Si  crystals.  The  concen¬ 
tration  of  VH2  complex  increased  as  the  irradiation  dose 
increased  in  high-purity  Si.  On  the  other  hand,  it  was 
very  small  in  the  specimen  FI  doped  with  H.  These 
results  suggest  that  a  V  in  the  specimen  FI  preferentially 
form  a  pair  with  a  P  and  not  with  an  H2.  At  doses  higher 
than  about  6  x  1016cm“2,  the  intensity  in  the  specimen 
FI  decreased  as  the  dose  increased.  The  dependences  of 
the  specimens  FI,  F2  and  F3  on  the  electron  dose  are 
similar  to  each  other  at  high  doses:  the  slopes  of  curves 
in  Fig.  2  was  almost  -1.  This  is  probably  due  to  the 
saturation  of  V-P  pair  and  the  increase  of  acceptors 
formed  by  electron-irradiation.  According  to  our 
experiment  [9],  the  concentration  of  acceptors  at  the 
irradiation  dose  of  1  x  1016cm”2  was  about 
9  x  101 4  cm  3  and  increased  almost  proportional  to  the 
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Fig.  2.  Dependences  of  the  intensity  of  the  1 156.5  cm  1  peak  in 
the  specimens  FI.  F2  and  F3  on  the  electron  dose. 


Annealing  temperature  (*C) 


Fig.  3.  Isochronal  annealing  behavior  of  the  1156.5  cm  1  peak 
due  to  annealing  for  30  min  at  each  temperature. 


electron-dose.  Hence,  if  the  concentration  of  V-P  pair  is 
saturated  at  high  doses,  that  of  the  appropriate  charge 
state,  which  is  responsible  for  the  above  optical 
absorption  peaks  decreases  as  the  dose  increases.  Within 
our  knowledge,  the  spectrum  of  Fig.  1  has  not  been 
reported  even  though  a  lot  of  studies  have  been 
performed  for  electron-irradiated  Si  crystals  by  means 
of  optical  absorption  measurement  method.  This  is 
probably  due  to  the  behavior  shown  in  Fig.  2:  Irradia¬ 
tion  doses  so  far  adopted  were  rather  high,  around 
10hScm  and  hence,  the  absorption  intensities  should 
have  been  very  weak. 

Fig.  3  shows  the  annealing  behaviors  of  the 
1156.9cm  1  peak.  The  annealing  duration  was  30 min 
at  each  temperature.  The  peak  intensity  almost  dis¬ 
appeared  due  to  annealing  at  225  C.  This  annealing 
stage  agrees  well  with  the  second  stage  observed  by 
Hirata  et  al.  [10]  in  '/-irradiated  n-type  Si.  According  to 
them,  this  annealing  stage  is  due  to  diffusion  of  V-P 
pairs  to  the  sinks.  In  the  case  of  the  HOB.  it  is  observed 
after  annealing  at  450-600  C  [7].  Hence,  as  indicated 
already,  the  HOB  is  different  from  our  peaks. 

We  measured  the  dependence  of  peak  intensities  on 
the  measurement  temperature  to  determine  the  energy 
levels  of  the  ground  states  of  those  peaks.  The  measured 
temperature  range  was  too  narrow  to  exactly  determine 
those  levels.  It  was  clarified,  however,  that  the  depen¬ 
dences  of  intensities  of  the  1150.6  and  1156.5cm  1 


peaks,  of  the  1309.2,  1312.5  and  1316.2  cm'1  peaks  and 
of  the  1563.3cm  1  peak  on  temperature  were  similar.  It 
means  that  the  energy  levels  of  these  ground  states  are 
the  same.  Hence,  we  tentatively  propose  that  the 
observed  peaks  are  due  to  one  kind  of  center,  the  V-P 
pair  at  an  appropriate  charge  state.  To  clarify  the 
properties  of  the  ground  state,  further  studies  by  means 
of  EPR  and  DLTS  methods  are  necessary. 

4.  Summary 

We  found  many  optical  absorption  peaks  in  electron- 
irradiated  FZ-Si  crystals  of  n-type  only.  They  were  not 
observed  in  electron-irradiated  CZ-Si  crystals.  We 
proposed  that  these  optical  absorption  peaks  were  due 
to  electronic  transitions  of  V-P  pair  in  an  appropriate 
charge  state. 
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Abstract 

Indiffusion  and  out-diffusion  profiles  of  Au  in  Si  have  been  measured  after  a  heat  treatment  at  a  higher  or  lower 
temperature  than  850' C.  The  diffusion  is  slow  and  the  profiles  show  a  typical  kick-out  diffusion,  in  both  heat  treatments 
for  the  indiffusion  above  and  below  850  C,  and  for  the  out-diffusion  of  Au  supersaturated  above  850'C.  On  the  other 
hand,  the  out-diffusion  of  Au  supersaturated  below  850  C  is  very  fast  and  the  profile  shows  that  it  is  flat.  The  essential 
difference  in  the  concentration  profiles  are  consistent  with  the  change  of  the  Au  configuration  supersaturated  below 
850  C  from  high-temperature  substitutional  Au  to  a  low-temperature  one.  (fy  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Si:Au:  Concentration  profile  of  Au  in  Si:  Impurity  diffusion  in  Si;  Gold  state  in  silicon 


1.  Introduction 

Au  atoms  in  Si  occupy  interstitial  and  substitutional 
sites,  and  the  substitutional  Au  exists  in  three  states: 
low-temperature  substitutional  Au.  high-temperature 
substitutional  Au.  and  agglomerations  of  substitutional 
Au  [1].  High-temperature  substitutional  Au  diffuses 
slowly  itself,  and  their  atomic-flow  is  dominated  by  an 
interchange  mechanism  of  Si  atom  with  interstitial  Au 
atom  [2].  On  the  other  hand,  low-temperature  substitu¬ 
tional  Au  diffuses  rapidly  by  a  ring  mechanism  [3]  and 
their  atomic-flow  is  limited  by  the  diffusion  itself  [4].  The 
author  et  al.  have  reported  that  the  annealing  character¬ 
istics  [5]  resulting  in  the  out-diffusion  profile  [6]  of 
supersaturated  substitutional  Au  in  Si  are  affected 
dominantly  by  cooling  down  to  room  temperature  or 
not  before  the  heat-treatment  for  annealing.,  namely, 
they  are  fast  and  flat  type  or  slow  and  inverse  U-type 
corresponding  to  the  diffusion  of  low-temperature  sub¬ 
stitutional  Au  or  a  high-temperature  one.  respectively. 

In  this  paper,  indiffusion  and  out-diffusion  profiles  of 
substitutional  Au  in  Si  have  been  measured  after  a  heat 
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treatment  at  a  higher  or  lower  temperature  than  850  C, 
which  is  the  boundary  temperature  to  change  the  gold 
configuration  from  high-temperature  substitutional  Au 
to  a  low-temperature  one.  The  experimental  results  are 
consistent  in  that  the  excess  over  the  thermal  equilibrium 
concentration,  namely,  the  amount  of  supersaturated 
Au  atoms,  change  from  high-temperature  substitutional 
Au  to  a  low'-temperature  one  by  cooling  below  850TC 
after  a  pre-indiffusion. 

2.  Experimental  details 

Float-zoned  (Fz)  and  extended-defect-free  silicon 
crystals  of  about  1  mm  thickness  w'ere  used.  About 
several  tens  nm  of  Au  layers  w'ere  evaporated  on  both 
surfaces  of  the  specimen  before  heat  treatment.  In  the 
experiment  for  the  measurement  of  indiffusion  profile, 
the  specimens  were  heat-treated  at  800  C  or  900  C  for 
90 h.  In  one  experiment  for  measurement  of  out- 
diffusion  profile,  specimens  were  heat-treated  at 
1 1 50  C  for  90  h  for  pre-indiffusion  of  Au.  and  one  of 
them  is  used  for  the  measurement  of  indiffusion  profile, 
which  is  regarded  as  the  initial  profile  for  subsequent 
annealing.  Au  layers  were  evaporated  again  after 
removal  of  surface  layers  of  the  pre-indiffused  specimen 
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to  transform  the  surface  concentration  into  the  thermal 
equilibrium  value  in  the  subsequent  heat  treatment  [7], 
and  the  specimen  was  heat-treated  at  800°C  or  900°C  for 
90  h  subsequent  to  re-heat-treatment  at  1150°C  for 
30  min.  In  this  case,  specimen  temperature  decreases 
from  1150°C  to  the  annealing  temperature,  and, 
substitutional  Au  supersaturated  at  the  temperature 
are  annealed  out  during  the  heat-treatment.  In  the  other 
experiment  for  the  measurement  of  out-diffusion  profile, 
the  specimen,  on  which  Au  layers  were  evaporated  after 
the  pre-indiffusion,  was  heat-treated  directly  at  800°C  or 
900°C  for  90  h  from  room  temperature  without  re-heat- 
treatment  at  1 1 50X.  In  this  case,  the  specimen  is  cooled 
to  a  room  temperature  before  the  annealing,  and, 
substitutional  Au  supersaturated  at  the  room  tempera¬ 
ture  are  annealed  out  during  the  heat  treatment. 

The  concentration  profile  of  substitutional  Au  is 
obtained  by  a  capacitance  measurement  in  lines  with 
Au-Si  Schottky  diodes  on  an  angle-lapped  surface  [8]. 


3.  Experimental  results 

3.1.  Indiffusion  profiles  at  800°  C  and  900°  C 

The  concentration  profiles  of  substitutional  Au  in  Si 
after  heat-treatment  for  indiffusion  at  800°C  for  90  h  or 
at  900°C  for  90  h  are  shown  in  Fig.  1.  The  indiffusion  is 
very  slow  at  the  temperatures,  and,  at  800°C,  the 
concentration  is  difficult  to  measure  except  near  the 
specimen  surface  due  to  a  concentration  lower  than  the 
detection  limit  of  our  apparatus.  Both  indiffusion 
profiles  seem  to  show  a  kick-out  diffusion  limited  by 
the  self-interstitial  diffusion  to  the  specimen  surface, 
namely,  a  U-shaped  profile. 
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Fig.  1 .  Indiffusion  profiles  of  substitutional  Au  in  Si  at  800°C 
and  900°C.  The  specimen  thickness  is  about  1  mm. 


3.2.  Out-diffusion  profiles  at  800° C  and  900° C 

The  concentration  profiles  of  supersaturated  substitu¬ 
tional  Au  in  Si  after  heat-treatment  at  800°C  or  900°C 
for  90  h  subsequently  to  re-heat-treatment  at  1150°C  for 
30  min  after  the  pre-indiffusion  at  1 1 50°C  for  90  hours 
are  shown  in  Fig.  2.  The  out-diffusion  at  900°C  is  very 
slow  and  shows  a  typical  kick-out  diffusion,  namely,  an 
inverse  U  shape.  On  the  other  hand,  at  800°C,  the 
annealing  is  very  fast  in  spite  of  the  temperature  lower 
than  900°C,  and  the  profile  shows  a  flat  one  due  to 
homogeneous  agglomeration  of  Au  atoms  [4].  The  initial 
profile  predicted  from  the  profile  of  other  specimens  is 
shown  in  the  figure. 

3.3.  Out-diffusion  profiles  at  800° C  and  900°C  without 
re-heat-treatment  at  1150°C 

The  concentration  profiles  of  supersaturated  substitu¬ 
tional  Au  in  Si  after  heat-treatment  at  800°C  or  900°C 
for  90  h  after  quenching  to  room  temperature  subse¬ 
quent  to  the  pre-indiffusion  at  11  SOX  for  90  h  are 
shown  in  Fig.  3.  In  this  case,  the  out-diffusion  even  at 
900°C  is  very  fast  additional  to  that  at  800°C,  and,  both 
profiles  below  and  above  8  SOX  show  a  flat-type  one  due 
to  the  homogeneous  agglomeration. 


4.  Discussion 

To  compare  the  indiffusion  and  out-diffusion  char¬ 
acteristics,  Figs.  1  and  2  are  plotted  together  in  Fig.  4. 


Fig.  2.  Out-diffusion  profiles  of  supersaturated  substitutional 
Au  in  Si  at  800°C  and  900X  after  re-heat-treatment  at  1 1  SOX 
for  30  min.  The  specimen  thickness  is  about  1mm. 
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Fig.  3.  Out-diffusion  profiles  of  supersaturated  substitutional 
Au  in  Si  at  800  C  and  900  C  without  rc-hcat-trcatmcnt  at 
1 150  C.  The  specimen  thickness  is  about  1  mm. 
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Fig.  4.  Indiffusion  and  out-diffusion  profiles  of  substitutional 
Au  in  Si.  Data  in  Figs.  I  and  2  are  re-plotted  together  in  the 
figure  for  the  comparison.  The  solid  lines  show  the  approximate 
equations  for  kick-out  diffusion.  Eqs.  (1)  or  (2),  using  D *  as  a 
fitting  parameter. 


The  indiffusion  profile  at  900'C  shows  a  U-shaped  one. 
and  even  that  at  800'C  seems  to  show  a  U  shape. 
Vacancy  mechanism  is  dominant  in  the  interstitial- 
substitutional  impurity  diffusion  in  Si  below  950'C 
according  to  Frank  et  al.  [9],  nevertheless,  self-interstitial 
seems  to  be  dominant  still  at  800  C  in  our  case. 
Therefore,  the  indiffusion  of  substitutional  Au  in  Si 
below  and  above  850  C  is  limited  by  the  diffusion  of 


self-interstitials  to  the  specimen  surface,  and.  Au 
indiffusion  seems  to  occur  via  a  kick-out  mechanism 
independent  of  the  indiffusion  temperature.  The  out- 
diffusion  profile  at  900~C  shows  an  inverse  U  shape,  and 
the  out-diffusion  of  substitutional  Au  supersaturated 
above  850  C  is  limited  by  the  diffusion  of  self¬ 
interstitials  from  the  surface,  namely,  also  by  the  kick- 
out  mechanism. 

An  approximate  equation  for  the  kick-out  diffusion 
can  be  obtained  for  the  indiffusion  or  for  the  out- 
diffusion  as  follows: 

C  =  Cod  +  L/sjlD*)l(2  +  L/JlD*)[  1/(1  +  x/s/lD*) 

+  1/{1  +  (L-.y)/7/Z>*}]  (1) 


or 

C  =  C„  -  (C,  -  CnXl  +  L/<jtD*)l( 2  +  L/JlD*) 

x  [1/(1  +  x/JlD*)  +  l/{  1  +  (L  -  .Y)/N/r£>*}],  (2) 

respectively,  in  the  same  way  as  for  Eq.  (43)  in  re¬ 
ference  [10].  Here,  the  equations  are  multiplied  by 
(I  -b  L/s/tD*)/(2  +  L/^/tD*)  to  fit  the  surface  concen¬ 
tration,  and  the  factor  proposed  by  Morooka  previously 
[7]  is  misprinted.  Co,  Cf1  L,  t,  D*  and  x  show  surface  and 
initial  concentrations,  specimen  thickness,  time,  a 
constant  related  to  diffusion,  and  distance  from  the 
surface,  respectively.  D*  includes  C(  and  diffusion 
constant,  furthermore,  the  equations  are  not  so  good 
in  the  case  of  a  long  diffusion  time,  therefore,  the 
equations  are  not  enough  to  discuss  about  a  diffusion 
constant  and  are  useful  to  distinguish  the  diffusion 
mechanism.  The  solid  lines  in  Fig.  4  show  Eqs.  (1)  or  (2) 
for  Co  =  lO^cnT'3  at  800X  and  Co—  9  x  lO1^  cm'"3  at 
900  'C.  Cj,  L  and  t  are  used  experimental  values  and  D* 
is  used  as  a  fitting  parameter.  The  surface  concentrations 
are  a  little  larger  than  the  solid  solubility  of  Au  in  Si 
obtained  by  Stolwijk  et  al.  [11]. 

On  the  other  hand,  the  out-diffusion  profile  at 
800"C  shows  a  flat-type  one  in  contrast  to  the  out- 
diffusion  at  900  C.  The  flat  profile  is  a  characteristic 
of  the  annealing  of  supersaturated  low-temperature 
substitutional  Au  in  Si  due  to  the  ring  diffusion 
accompanied  by  a  homogeneous  agglomeration  [4].  In 
this  case,  the  annealing  time  of  90  h  is  long  enough 
to  recover  the  thermal  equilibrium  concentration  at 
800nC,  and,  the  flat  concentration  is  regarded  as  the 
solid  solubility.  The  surface  concentration  in  the 
indiffusion  profile  at  800"C  is  predicted  to  increase  to 
the  solubility. 

The  specimens  used  for  the  measurement  shown  in 
Fig.  3,  were  heat-treated  at  the  annealing  temperature 
directly  from  room  temperature.  In  this  case,  substitu¬ 
tional  Au  supersaturated  at  room  temperature,  namely, 
below  850T1,  are  heat-treated  at  the  annealing  tempera¬ 
ture.  Therefore,  the  profile  even  at  900’C  shows  an  out- 
diffusion  profile  for  the  low-temperature  substitutional 
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Au,  and  shows  a  flat  and  fast  one.  The  annealing  time  is 
also  long  enough  to  recover  thermal  equilibrium 
concentration  at  900°C,  and  the  flat  concentration  at 
900°C  is  regarded  as  the  solid  solubility,  which  is  the 
same  as  the  surface  concentration  in  the  indiffusion 
profile  at  900°C. 

It  is  expected  that,  the  total  concentration  of  Au  is 
nearly  equal  to  the  concentration  of  substitutional  Au  in 
the  kick-out  diffusion,  namely,  in  the  indiffusion  below 
and  above  850°C  and  in  the  out-diffusion  supersaturated 
above  850°C,  however,  the  total  concentration  is  much 
larger  than  the  substitutional  Au  in  the  flat  and  fast 
diffusion,  namely,  in  the  out-diffusion  supersaturated 
below  850°C  [7]. 

5.  Conclusions 

(1)  Substitutional  Au  in  Si  shows  a  concentration 
profile  of  slow  and  U  or  inverse  U  shape,  in  the 
case  of  indiffusion  below  and  above  850°C,  and  in 
the  case  of  out-diffusion  supersaturated  above 
850°C. 

(2)  Substitutional  Au  in  Si  shows  a  concentration 
profile  of  fast  and  flat  shape,  in  the  case  of  out- 
diffusion  supersaturated  below  850°C. 


(3)  The  above  experimental  results  are  consistent  with 
the  change  of  diffusion  mechanism,  namely,  that 
the  excess  over  the  thermal  equilibrium  concentra¬ 
tion  of  substitutional  Au  change  the  configuration 
from  high-temperature  substitutional  Au  to  a  low- 
temperature  one  by  cooling  below  850°C  after  a 
pre-indiffusion. 
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Abstract 


Interactions  between  the  oxygen  dimer  (02i)  and  silicon  self-interstitials  (I)  and  vacancies  (V)  have  been  studied  in 
Czochralski-grown  silicon  (Cz-Si)  crystals  using  infrared  absorption  and  deep  level  transient  spectroscopies.  The  focus 
in  this  report  is  on  reactions  of  02i  with  I.  The  first  step  in  this  interaction  is  found  to  be  the  formation  of  a  self¬ 
interstitial-dioxygen  centre  (I02i)  with  oxygen-related  local  vibrational  mode  (LVM)  bands  at  922  and  1037  cm"1. 
During  the  second  formation  step,  another  centre,  I202j,  with  LVM  bands  at  918  and  1034  cm  1  is  suggested  to  appear. 
A  Si-related  band  at  about  545  cm  " 1  is  also  assigned  to  both  the  I02i  and  I202i  centres.  The  I02i  centre  is  found  to  be 
electrically  active  with  an  acceptor  level  at  £c-0.1leV.  The  both  defects,  I02i  and  I202i,  are  stable  at  room 
temperature  and  anneal  out  at  about  400  and  550  K,  respectively,  (o  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon:  Self-interstitials:  Oxygen:  Electron  irradiation 


1.  Introduction 

Silicon  wafers  used  for  integrated  circuits  require  the 
presence  of  oxygen,  due  to  its  beneficial  effects  such  as 
wafer  hardening  and  intrinsic  gettering  [1,2].  The  most 
common  material,  Czohralski-grown  silicon,  typically 
contains  ^10,8cm“3  of  interstitial  oxygen  atoms  (Oj) 
and  is  in  a  very  large  temperature  range  highly  super¬ 
saturated.  As  a  consequence  clustering  of  oxygen  atoms 
occurs,  resulting  in  formation  of  different  oxygen 
complexes  from  small  clusters  like  dimers,  trimers  (O*) 
to  oxygen-related  thermal  double  donors  (TDDs)  and 
quartz  precipitates. 
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It  was  found  that  oxygen  atoms  as  well  as  oxygen- 
related  complexes  could  interact  with  intrinsic  defects  of 
Si  lattice,  vacancies  (V)  and  self-interstitials  (I)  [1,2].  V 
and  I  can  be  easily  created  upon  irradiation  of  Si  crystals 
with  high  energy  particles  (electrons,  protons,  ions,  etc.). 
Electron-irradiated  Cz-Si  was  a  subject  of  many 
investigations  [3-10].  Several  oxygen-vacancy  (VnOn) 
complexes  have  been  identified,  but  very  few  complexes 
incorporating  oxygen  atoms  and  self-interstitials  are 
known.  Experimental  studies  of  samples  irradiated  at 
around  80  K  have  showed  that  Oj  can  trap  I  and  form 
IOj  complex  [11-14],  which  is  stable  below  300  K.  This 
defect  has  been  found  to  trap  an  additional  I  and  form 
I2Oj  [15,16], 

Silicon  self-interstitials  were  suggested  to  play  an 
important  role  in  the  formation  of  oxygen-related  TDDs 
[17,18].  The  structure  of  these  complexes,  which  were 
discovered  almost  50  years  ago  is  still  a  matter  of  debate. 
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According  to  one  of  the  most  popular  models  of  TDDs, 
their  core  consists  of  a  complex  of  two  oxygen  atoms 
and  a  silicon  self-interstitial  (02lI)  [17].  The  02iI  was 
suggested  to  be  a  double  donor. 

Recently,  local  vibrational  mode  bands  due  to  oxygen 
dimers  were  identified  in  Si  [19-21],  and  a  method  of 
enhanced  formation  of  02j  complexes  was  proposed 
[22,23].  In  this  work  we  present  results  of  infrared  (IR) 
absorption  and  deep  level  transient  spectroscopy 
(DLTS)  studies  of  interaction  of  oxygen  dimers  with  V 
and  I  in  electron-  and  gamma-rays-irradiated  Cz-Si 
crystals. 


2.  Experimental 

The  samples  used  in  this  investigation  were  as-grown 
Cz-Si,  doped  with  phosphorus  to  resistivities  of 
about  60Qcm.  The  concentrations  of  interstitial 
oxygen  (0*)  and  substitutional  carbon  (Cs)  were 
monitored  by  measuring  the  well-known  absorption 
bands  at  1107  [24]  and  605  cm-1  [9],  respectively.  We 
also  included  samples  doped  with  the  isotope  180. 
The  samples  were  polished  to  an  optical  surface  on 
two  sides  and  the  dimensions  were  10x5x3mm3. 
The  electron  irradiation  was  performed  in  a  temperature 
regulated  holder  in  air  at  temperatures  in  the  range 
320-650  K  to  different  doses  from  5  x  1016  to 
4  x  1018cm-2,  using  2.5  MeV  electrons.  The  beam 
current  was  in  the  range  l-12mA/cm2.  Some  samples 
were  irradiated  with  gamma-rays  from  a  60Co  source. 
Heat-treatments  (HTs)  were  performed  in  a  nitrogen 
ambient  or  in  air. 

IR  absorption  studies  of  LVMs  were  carried  out 
using  Fourier  Transform  IR  (FT-IR)  spectrometers.  A 
spectral  resolution  of  0.5-1  .Ocm-1  was  used  and  the 
samples  were  measured  at  10  K  and  at  RT.  DLTS 
measurements  were  carried  out  using  a  Semitrap  DLS- 
8 3D  system.  Capture  cross  sections  of  electrons  by  deep 
traps  (<7n)  were  determined  from  the  analysis  of  trap 
filling  process  upon  applying  pulses  of  different  lengths. 
Gold  Schottky  diodes  were  prepared  for  the  measure¬ 
ments. 


3.  Results  and  discussion 

3.1.  Formation  of  the  oxygen  dimer 

Since  the  concentration  of  oxygen  dimers  in  as-grown 
Cz-Si  crystals  is  relatively  low  (around  1  x  1015cm-3) 
and  IR  studies  of  LVM  bands  typically  require  defect 
concentrations  an  order  of  magnitude  higher  for 
detailed  investigations,  a  special  technique  has  been 
developed  [22,23],  where  the  dimers  are  produced  by 
electron  irradiation  (MeV)  at  about  650  K  in  carbon- 


lean  material  through  the  reaction 
I  +  V02=^02i.  (1) 

Using  this  technique  we  could  prepare  silicon  samples 
with  the  dimer  concentration  up  to  5  x  1016cm-3.  It  has 
been  found  that  there  is  a  considerable  difference 
between  carbon-lean  and  carbon-rich  CZ-silicon  in 
terms  of  possible  reactions  during  irradiation  [22,23]. 
The  effective  interaction  of  self-interstitials  with  sub¬ 
stitutional  carbon  atoms  according  to  the  Watkins 
replacement  mechanism, 

Cs+I  =>•  Cj,  (2) 

is  the  main  reason  for  that.  One  consequence  of  the  self¬ 
interstitial-carbon  interaction  is  that  a  high  concentra¬ 
tion  of  oxygen  dimers  according  to  (1)  cannot  be 
achieved  in  carbon-rich  silicon.  Another  efficient  trap 
for  I  is  the  vacancy-oxygen  centre  (VO)  through  the 
reaction 

I  +  VO  =>  Oj.  (3) 

3.2.  Irradiation  of  dimer-rich  samples  at  300  K 

In  carbon-lean  silicon  samples  irradiated  at  650  K  the 
VO  concentration  after  irradiation  is  much  lower  than 
the  concentration  of  02i  and  the  main  traps  for  I  at  a 
repeated  irradiation  at  300  K  will  therefore  initially  be 


according  to 

I  +  Oi=>  IOj,  (4) 

I  +  IOi^I2Oi,  (5) 

I  +  02i=>  I02j,  (6) 

I  +  I02i=*>  I202i.  (7) 


The  IOi  complex  is  not  stable  above  300  K,  so  reactions 
(4)  and  (5)  are  not  effective  during  the  irradiation  at 
300  K  and  the  main  reactions  should  be  (6),  (7)  and  (1). 
The  further  irradiation  at  300  K  will,  however,  lead  to  a 
rapidly  increasing  concentration  of  VO  centres  due  to 
the  dominating  concentration  of  Oj  and  reaction  (3)  will 
very  soon  compete  with  reactions  (6),  (7)  and  (1).  One 
can  compare  the  concentration  of  02i  (1012  cm-1  band) 
in  as-grown  samples  and  after  irradiation  at  350°C 
(F  ~  8  x  1017  e/cm2)  by  an  examination  of  spectra  1  and 
2  in  Fig.  1.  The  strong  increase  in  [02i]  after  the 
irradiation  makes  its  concentration  comparable  to  that 
of  the  V02  complex  (889  cm-1  band).  The  well-known 
VO-related  band  at  830  cm  1  is  not  seen  in  the  spectrum 
2.  Several  new  bands  are  appearing  in  absorption 
spectra  after  subsequent  irradiation  at  room  tempera¬ 
ture  (spectra  3-10  in  Fig.  1).  After  irradiation  with  a 
fluence  of  5  x  1016e/cm2,  absorption  bands  at  911  and 
1034  cm-1  are  seen  (spectrum  4  in  Fig.  1),  further 
irradiation  leads  to  the  development  of  bands  at  916 
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Fig.  1 .  Room  temperature  absorption  spectra  for  C-lcan  n-Cz 
Si  (p  =  50 Q cm):  (1)  as-grown:  (2)  after  electron  irradiation  at 
350  C.  F  =  8  x  I0|7cm  2;  (3-10)  after  RT  irradiation.  F{ cm  2): 
(3)  l  x  10K\  (4)  5  x  10u\  (5)  1017,  (6)  2  x  1017.  (7)  4  x  10n,  (8) 
7  x  1017.  (9)  1.1  x  10,s.  (10)  6  x  10!*. 


800  840  880  920  960  1000  1040  1080 

Wavenumber,  cm-1 

Fig.  3.  Absorption  spectra  measured  at  10  and  300  K  for  a  C- 
Ican  Cz  Si  sample  after  two-step  electron  irradiation:  at  350  C 
with  a  fiucnce  of  8xlOl7  +  at  RT  with  a  fluence  of 
7  x  10,7cm  2. 


Fig.  2.  Generation  kinetics  of  some  radiation-induced  oxygen- 
related  complexes  upon  electron  irradiation  at  room  tempera¬ 
ture  of  a  dimer-rich  Cz-Si  sample. 


and  1031cm  1  (spectra  6-10  in  Fig.  1).  It  is  suggested 
that  the  first  pair  of  bands  appears  when  ICLj  starts  to 
form  according  to  reaction  (6)  and  after  that  reaction  (7) 
can  be  activated  resulting  in  the  formation  of  LCLj. 
There  is  also  a  weak  band  at  540  cm1,  the  development 
of  which  seems  to  correlate  with  that  of  the  above 
mentioned  pairs  of  bands.  As  the  irradiation  fluence 
increases  the  concentration  of  the  vacancy-oxygen 
complex  grows  rapidly  and  the  VO-related  line  at 
830cm”1  dominates  in  the  spectra  soon  (spectra  6-10 
in  Fig.  1).  This  is  also  illustrated  in  Fig.  2,  where  the 
dose  dependencies  of  the  integrated  intensities  of  the 
considered  bands  are  shown.  The  observed  dependencies 
can  be  described  by  reactions  (1),  (3),  (6)  and  (7)  taking 


into  account  differences  in  capture  cross  sections  of  self¬ 
interstitials  by  VO.  V02,  02i,  and  I02i  complexes. 

An  analysis  of  absorption  spectra  of  irradiated 
oxygen-dimer-rich  samples  doped  with  180  reveals  that 
the  pairs  ofbandsat911  and  1034  cm"1,  and  at  916  and 
1031cm  1  are  oxygen-related  LVMs,  while  the  weak 
band  at  540  cm”1  does  not  show  any  shift  upon 
replacement  of  oxygen  isotopes  and  therefore  is 
suggested  to  be  a  Si-related  LVM.  In  Fig.  3  one  can 
see  the  temperature  shifts  of  the  bands  upon  the  change 
of  measurement  temperature  from  300  to  10  K.  The 
band  at  91 1  cm  1  shifts  to  922cm  \  while  the  band  at 
916cm  1  shifts  to  918cm  1  with  the  decrease  of  the 
measurement  temperature.  Typical  shifts  of  oxygen- 
related  LVMs  in  this  wavenumber  range  is  about  5- 
6cm  \  Exceptions  are  the  LVMs  at  1012  and  1060cm  1 
due  to  the  oxygen  dimer,  the  temperature  shifts  of  which 
are  extremely  small  (Fig.  3)  [25]. 

3.3.  Annealing  studies 

In  order  to  investigate  the  thermal  stability  of  the  new 
defects  (I02i  and  l202i  ),  an  isochronal  annealing  study 
has  been  done.  Absorption  spectra  of  an  electron- 
irradiated  sample  after  isochronal  anneals  are  shown  in 
Fig.  4.  An  examination  of  the  spectra  shows  that  the  first 
appearing  defect.  I02i,  has  completely  annealed  out  at 
160  C  and  the  second  one,  J202h  at  250  C.  Disappear¬ 
ance  of  the  I02i  and  I202l  complexes  is  accompanied  by 
an  increase  in  intensities  of  the  bands  at  1012  and 
1060  cm  1  due  to  the  oxygen  dimer,  suggesting  that 
reactions  (6)  and  (7)  have  corresponding  back-reactions. 
Self-interstitials  released  according  to  these  back-reac¬ 
tions  can  take  part  in  reactions  like  (1)  and  (3).  Several 
other  relatively  weak  bands  have  been  observed  upon 
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Fig.  4.  Absorption  spectra  at  10  K  for  Cz-Si:  (1)  after  two-step 
electron  irradiation  (350°C,  F  =  8  x  1017+  RT,  F— 
7xlOncm"2)  and  at  different  stages  of  20 min  isochronal 
anneal,  (2)  120°C,  (3)  160°C,  (4)  210°C,  (5)  250°C,  (6)  300°C,  (7) 
350°C. 


annealing  of  the  irradiated  dimer-rich  samples  and  an 
investigation  of  these  bands  is  in  progress.  After  anneals 
at  higher  temperatures  the  band  at  895  cm"1  due  to  the 
V02  complex  appears  in  the  spectra  (spectra  6  and  7  in 
Fig.  4). 

3.4.  Irradiation  of  as-grown  materials 

Simultaneously,  with  the  irradiation  of  dimer-rich 
samples  at  300  K,  an  as-grown  sample  with  a  high 
concentration  of  O;  (1.3  x  1018cm-3)  and  a  very  low 
carbon  content  (<1015cm-3)  has  been  irradiated. 
Infrared  absorption  spectra  for  this  sample  are  shown 
in  Fig.  5.  Weak  bands  have  appeared  after  irradiation  at 
the  same  positions  as  in  dimer-rich  samples.  This  result 
shows  that  in  as-grown  carbon-lean  Cz-Si  samples 
oxygen  dimers  are  effective  traps  for  self-interstitials  at 
initial  stages  of  electron  irradiation. 

3.5.  DLTS  results 

It  was  found  that  DLTS  spectra  of  electron-  or 
gamma-rays-irradiated  carbon-lean  Cz-Si  samples  differ 
significantly  from  those  of  Cz-Si  samples  containing 
carbon.  This  difference  is  clearly  seen  in  Fig.  6,  where 
DLTS  spectra  in  the  temperature  range  60-120  K  for 
Cz-Si  samples  irradiated  with  gamma-rays  from  a  60Co 
source  are  presented.  The  irradiation  of  a  carbon-lean 
sample  resulted  in  introduction  of  two  dominant  deep 
level  centres  with  peak  maxima  at  about  73  K  (E73)  and 
93  K  (E93)  (spectrum  2  in  Fig.  6),  while  for  a  sample  with 
higher  concentration  of  carbon  only  one  dominant 
centre  (E93)  is  observed  (spectrum  1  in  Fig.  6).  Fig.  7 
shows  Arrhenius  plots  of  T2 -corrected  emission  rates  for 
both  dominant  centres  induced  by  the  irradiation. 


Fig.  5.  Absorption  spectra  at  10  K  for  electron  irradiated  (RT, 
F  =  5  x  1016cm-2)  as-grown  Cz-Si  crystals  with  low 
(<1015cm-3,  spectra  2  and  3)  and  intermediate  carbon  content 
(5  x  1016cm-3,  spectrum  1).  Spectrum  3  is  a  difference  between 
the  spectra  of  irradiated  and  as-grown  samples. 


Fig.  6.  DLTS  spectra  of  Cz-Si  samples  with  different  carbon 
concentration  after  irradiation  with  gamma-rays  from  a  60Co 
source.  Nc:  (1)  5x  1016cm-3,  (2)  <1  x  1015cm-3.  Fluence  of 
irradiation  was  5  x  10I6cm-2. 


Activation  energies  for  electron  emission  (£n)  were 
found  to  be  0.163  +  0.001  and  0.128  +  0.001  eV  for  E93 
and  E73  traps,  respectively.  Based  on  the  comparison  of 
the  obtained  trap  parameters  ( En  and  crn)  with  those 
known  from  the  literature  on  radiation-induced  centres 
in  Cz-Si  [26,27],  E93  peak  was  assigned  to  the  oxygen- 
vacancy  pair  [3,4].  It  was  found  that  the  electron  capture 
cross  section  for  the  E73  trap  is  temperature  dependent. 
The  energy  barrier  for  the  electron  capture  was 
estimated  to  be  about  0.02  eY.  Taking  this  into  account, 
the  position  of  an  energy  level  of  the  E73  trap  was 
determined  as  Ec  -  0. 1 1  eV.  The  obtained  parameters  of 
the  E73  trap  do  not  coincide  with  those  of  any  known 
radiation-induced  traps  stable  at  room  temperature 
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Fig.  7.  Arrhenius  plot  of  ^-corrected  electron  emission  rates 
from  (1)  E-;,  and  (2)  Eyj  traps. 


Fig.  8.  Isochronal  annealing  behaviour  (t)  of  the  concentration 
of  a  centre  with  an  acceptor  level  at  Ec  -  0.1 1  eV  and  (2)  of  the 
integrated  intensity  of  the  absorption  band  at  922cm  '. 


[26.27].  The  effect  of  electric  field  on  the  electron 
emission  rate  from  the  E73  trap  is  found  to  be  negligible, 
indicating  that  the  centre  is  of  acceptor  nature. 

An  isochronal  annealing  study  shows  that  the  E73  trap 
anneals  out  in  the  temperature  range  of  1 00—1 50  C  and 
the  elimination  process  is  very  similar  to  that  of  the 
defect  responsible  for  the  922  and  1037  cm  1  lines  in  the 
absorption  spectra  (Fig.  8).  Based  on  the  similarities  in 
formation  and  annealing  conditions  it  is  suggested  that 
the  E71  trap  is  the  same  as  a  centre  giving  rise  to  the  922 
and  1037cm  1  lines  in  IR  absorption  spectra  of 
irradiated  carbon-lean  Cz-Si  samples. 

3.6.  Uniaxial  stress  and  an  atomic  model  of  JO 7,  complex 

It  was  found  from  uniaxial  stress  measurements  that 
the  918  and  922  cm  ]  lines  show  the  same  splitting 


behaviour.  The  polarisation  of  the  components  strongly 
indicates  that  the  symmetry  of  centres  is  monoclinic  I 
or  lower.  All  the  obtained  experimental  results  are  well 
in  line  with  preliminary  theoretical  calculations  for 
the  I02  centre  which  points  to  a  defect  made  up 
of  a  staggered  oxygen  dimer  and  a  <1  10) -split  self¬ 
interstitial  [28]. 

3.7.  Other  self-interstitial-oxvgen  complexes 

During  irradiation  at  650  K  there  is  a  band  appearing 
at  1006  cm  1  which  has  been  suggested  to  be  related  to 
the  oxygen  trimer,  O 3i  [29].  This  band  can  be  observed  in 
Fig.  4  as  well  as  two  bands  at  956  and  1054cm-1, 
appearing  together  with  the  bands  due  to  the  IO:i  and 
DO:;.  An  analysis  of  the  spectra  in  Fig.  4  shows  that  the 
intensity  of  the  1006  cm  1  band  increases  upon  disap¬ 
pearance  of  the  bands  at  956  and  1054cm  It  is 
suggested  that  the  O*  can  also  trap  self-interstials  and 
the  pair  of  lines  at  956  and  1054  cm  1  is  tentatively 
assigned  to  an  10^,  complex. 


4.  Summary 

During  electron  irradiation  at  300  K  of  oxygen-rich 
carbon-lean  samples  a  new  group  of  defects  has  been 
revealed  by  IR  spectroscopy.  These  defects  are  suggested 
to  be  formed  by  reactions  between  oxygen  dimers  and 
silicon  self-interstitials.  The  first  step  in  these  reactions  is 
the  formation  of  the  I02i  centre  with  oxygen-related 
LVMs  at  922  and  1037  cm  '.  The  second  step  is  the 
formation  of  the  LCKj  centre  with  the  corresponding 
LVMs  at  918  and  1034  cm  ,.  A  Si-related  band  at 
545  cm  1  is  common  for  both  the  complexes.  Annealing 
studies  of  these  centres  show  that  the  I02)  anneals  out 
below  450  K  and  the  l202i  below  550  K. 

An  acceptor  level  at  £c  -  0.1 1  eV  has  been  identified 
as  related  to  the  I02i  complex  on  the  basis  of  similarities 
in  the  formation  and  annealing  behaviour  of  the  level 
and  the  absorption  bands  at  922  and  1037cm-1. 
According  to  preliminary  ab  initio  calculations  [28], 
the  obtained  experimental  characteristics  of  the  I02i 
centre  are  consistent  with  those  expected  for  a  complex 
incorporating  a  staggered  oxygen  dimer  and  <1  10)- 
split  silicon  self-interstitial. 
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Abstract 

The  local  vibrational  modes  of  thermal  double  donors  in  Si  and  Ge  are  investigated  by  FTIR  and  ab  initio  modelling. 
At  most,  two  oxygen  modes  are  detected  from  each  donor,  which  exhibit  regular  shifts  with  increasing  donor  number. 
By  using  mixtures  of  KlO  and  lsO,  it  is  found  that  in  Si  the  upper  band  does  not  yield  any  new  modes  suggesting  that 
any  oxygen  atom  is  decoupled  from  any  other.  However,  the  lower  frequency  bands  exhibit  unique  mixed  modes 
proving  for  the  first  time  that  oxygen  atoms  are  coupled  together  and  in  close  spatial  proximity.  Ab  initio  calculations 
demonstrate  that  the  modes  and  their  isotopic  shifts  are  consistent  with  a  model  involving  two  parallel  chains  of  oxygen 
atoms  linking  second  neighbour  Si  atoms,  terminated  by  O-atoms  close  to  the  normal  position  for  interstitial  O.  £  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Bb:  61.72.Ji:  63.20.Pw;  71.I5.Mb;  81.05.Cy;  81.40.Tv 

Keywords:  Silicon:  Germanium:  Thermal  donors;  Oxygen:  Vibrational  modes 


1.  Introduction 

Heating  oxygen  rich  silicon  or  germanium  between 
300~C  and  500~C  leads  to  the  formation  of  a  family  of 
double  donors  called  thermal  double  donors  (TDD) 
[1-3].  They  are  believed  to  consist  of  oxygen  atoms 
possibly  linked  with  self-interstitials  [4-9].  In  this  paper, 
we  describe  the  results  of  infra-red  absorption  experi¬ 
ments  and  first  principles  modelling  of  the  local 
vibrational  modes  (LVMs)  of  TDD (N)  in  both  Si  and 
Ge.  Although  thermal  donors  in  Ge  have  received  less 
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attention,  the  weaker  background  absorption  and  the 
high  concentrations  of  TDD  which  can  be  introduced, 
makes  it  a  particularly  fruitful  material  to  investigate. 

Recently,  two  sets  of  vibrational  bands  have  been 
assigned  to  the  early  members  of  the  TDD  family.  These 
lie  around  1000  and  750  citT1  in  Si  [10,1 1],  and  780  and 
600  cm-1  in  Ge  [12-15].  The  participation  of  oxygen  in 
the  modes  is  confirmed  by  isotopic  shifts  with  lsO.  The 
observation  of  only  two  modes  in  each  donor  appears  to 
be  inconsistent  with  the  model  whose  family  members 
differ  by  the  number  of  oxygen  atoms  [5.7,8,16],  and 
offers  indirect  support  to  the  self-interstitial  model  [6,4]. 
In  this  paper  we  report  new  infra-red  data  on  the  donors 
in  Si  and  Ge.  Further,  we  demonstrate  that  the  observed 
modes,  perhaps  surprisingly,  can  be  understood  from 
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an  oxygen-only  model,  without  the  need  for  self¬ 
interstitials. 


2.  Experimental  and  theoretical  details 

In  this  study,  three  types  of  Si  and  Ge  samples  were 
used.  The  first  (1)  contained  160,  while  the  second  (2) 
mainly  contained  180.  The  third  (3)  was  co-doped  with 
160  and  180.  Concentrations  of  ,60  (,80)  were 
monitored  by  measuring  the  intensities  of  the  absorption 
bands  at  1107  (1058)  and  856  (812)  cm”1  in  Si  [17]  and 
Ge  [18],  respectively.  Thermal  donors  were  generated  by 
heating  Ge  and  Si  samples  at  370°C  and  420°C  in  air. 
The  IR  absorption  measurements  were  carried  out  at  10 
and  300  K  using  a  Bruker  113v  Fourier  transform  IR 
spectrometer.  The  spectral  resolution  was  0.5  or 
1.0  cm-1. 

The  vibrational  modes  of  the  model  were  found  using 
112  atom  supercells  and  an  ab  initio  total  energy  local 
density  functional  code  (AIMPRO)  [19].  The  code 
evaluates  the  dynamical  matrix  of  the  defect  from  which 
the  vibrational  modes  and  their  normal  coordinates  can 
be  found.  Previous  studies  indicate  that  the  errors  in  the 
frequencies  lie  around  10%.  A  large  complex  involving  a 
chain  of  Si-O-Si  units  possesses  a  great  number  of  local 
modes,  and  only  a  few  are  detected.  To  ascertain  the 
most  intense  modes  we  placed  a  charge  Q  on  each  O 
atom,  and  a  charge  —mQ/l  on  each  Si  neighbour 
bonded  to  m  O-atoms.  The  intensity  of  the  mode  is  then 
related  to  the  change  in  the  dipole  moment  of  the  defect 
when  the  atoms  are  displaced  according  to  their  normal 
coordinates.  Tests  with  other  resonable  charge  distribu¬ 
tions  did  not  lead  to  significant  differences. 

3.  Results  and  discussion 

Fig.  1  shows  fragments  of  differential  absorption 
spectra  of  Si:Q  samples  heat-treated  at  420°C  for 


Fig.  1.  Absorption  spectra  measured  at  300  K  for  Si:0  samples 
heat-treated  at  420°C  for  15  h:  (1)  [160,]  =  1.3  x  1018  cm'3; 
(2)  [I80/]  =  1.5  x  1018  cm-3;  (3)  and  (4)  [160,]  =  8x 
1017  cm-3,  [lsO/]  =  7  x  1018  cm-3.  The  spectrum  of  a  non- 
annealed  sample  was  used  as  a  reference  in  4. 


15  h.  A  signal  recorded  from  a  high-purity  float-zone  Si 
sample  was  subtracted  from  each  spectrum.  In  all  the 
samples  (l60,  18  O  and  16  O  +’8  O),  bands  due  to  oxygen 
dimer,  TDD(2)  and  TDD(3)  (1013,  988  and  999  cm'1, 
respectively),  appear  to  be  the  dominant  defects.  The 
bands  related  to  TDD  are  positioned  in  the  wavenumber 
regions  of  945-1000,  700-730  and  575-580  cm-1.  The 
TDD  band  at  580  cm*1  is  reported  for  the  first  time.  A 
clear  linear  correlation  was  found  between  the  integrated 
intensity  of  this  band  and  that  of  the  bands  at  about 
1000  and  750  cm-1.  All  of  these  bands  possess  similar 
formation  and  annealing  kinetics.  The  band  at  580  cm-1 
shows  only  a  weak  shift  to  higher  frequencies  with  an 
increase  in  the  TDD  number,  and  is  practically 
insensitive  to  an  oxygen  isotope  substitution.  In 
contrast,  the  750  and  1000  cm- ’-bands  undergo  sub¬ 
stantial  shifts.  It  should  be  noted,  however,  that  the  lsO 
isotope  shift  of  the  750  cm-1 -bands  is  less  than  that  of 
the  1000  cm- ’-bands  (16v/18v  =  1.03  and  1.045,  respec¬ 
tively).  By  using  mixtures  of  l60  and  l80,  it  is  found  that 
in  Si  the  upper  band  does  not  yield  any  new  modes 
suggesting  that  any  oxygen  atom  is  decoupled  from  any 
other.  However,  the  lower  frequency  bands  exhibit 
unique  mixed  modes  proving  for  the  first  time  that 
oxygen  atoms  are  coupled  together  and  in  close  spatial 
proximity. 

Similar  results  have  also  been  obtained  for  the 
600  cm  ’-band  in  Ge  co-doped  with  160  and  lsO  (see 
Fig.  2),  i.e.,  a  unique  mixed  mode  at  about  595  cm-1  is 
observed  after  HT  at  370°C  for  15  h.  However,  unlike  in 
Si,  a  mixed  mode  also  appears  in  the  upper  band  region 
at  755  cm-1,  along  with  160  and  lsO  modes  at  780  and 
742  cm-1. 

Calculations  of  the  vibrational  spectra  were  based  on 
a  TDD  model  shown  in  Fig.  3(a),  and  discussed 
elsewhere  at  this  conference  [9].  Here,  the  core  of 
TDD(A)  consists  of  two  parallel  [110]  chains  of  oxygen 
atoms  bonded  with  second  neighbour  Si  atoms  (denoted 


Fig.  2.  Absorption  spectra  measured  at  300  K  for  Ge:0 
samples  heat-treated  at  370°C  for  20  h:  (1)  [160,]  =  2.3x 
1017  cm"3;  (2)  [180,]  =  3.2  x  1017  cm"3;  (3)  [160,]  =  2.3x 
1017  cm"3,  [18Of]  =  1.7  x  1017  cm"3. 
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Fig.  3.  (a)  CV2NN  double  donor.  The  white  and  black  circles 
denote  Si  and  O  atoms,  respectively.  The  two  observed  O-bands 
in  TDD(A')  at  -750  and  -1000  cm  1  in  Si  {-600  and 
-780  cm"1  in  Ge).  arc  assigned  to  chain  and  end  oxygen 
modes  shown  in  (b)  and  (c)  respectively. 

by  0-2NN).  The  ends  consist  of  oxygen  atoms  bonded 
to  neighbouring  Si  atoms  denoted  by  O-INN  and  their 
interface  must  necessarily  contain  over-coordinated  O 
atoms.  The  0„-2NN  chain  possesses  C:v  (C:h)  symme¬ 
try  for  odd  (even)  ti.  We  now  discuss  the  vibrational 
properties  of  the  chain. 

To  understand  the  LVMs  of  the  donors,  we  first 
calculate  the  long  wavelength  modes  of  an  infinite 
periodic  0-2NN  chain.  The  two  IR-active  modes  lie  at 
564  and  814  cm”1  in  Si  and  323,  625  cm”1  in  Ge.  The 
814  cm  1  is  shown  in  Fig.  3(b)  and  clearly  induces  a 
dipole  moment  along  [0  0  1].  The  564  cm”1  mode 
involves  very  little  movement  of  oxygen  atoms,  and  is 
localised  to  the  Si  atoms  above  and  below  the  core 
whose  bonds  are  compressed  by  the  [0  01]  stress.  This 
has  a  dipole  moment  along  [1  I  0],  and  orthogonal  to  the 
chain.  Thus,  the  simple  periodic  chain  model  explains 
why  only  a  few  oxygen  modes  can  be  detected  in  each 
donor,  as  only  transverse  long  wavelength  modes  are 
IR-active. 

We  now  consider  the  oxygen  related  modes  arising 
from  the  ends  of  the  chain  [Fig.  3(c)].  The  highest 
frequency  modes,  evaluated  from  the  dynamical  ma¬ 
trices  of  the  end-O  atoms,  are  given  in  Table  1 .  There  is 
all  :  12  :  6  cm”1  increase  with  N  in  excellent  agree¬ 
ment  with  the  observed  increases  of  13  :  11  :  7  cm"1 
for  TDD(  1 ).  TDD(2).  TDD(3)  and  TDD(4).  For  Ge.  the 
calculated  increments  are  9  :  8  :  7  cm”1  compared  with 
5:4:3  cm”5  observed  for  TDD(l),  TDD(2),  TDD(3) 
and  TDD(4).  Thus,  the  model  accounts  for  the  shift  in 
the  high  frequency  mode  with  N. 

We  now  turn  to  the  effect  of  a  50-50  mixture  of  160 
and  lsO.  We  consider  07-2NN  and  plot  in  Fig.  4  the 
calculated  relative  intensities  of  the  local  modes.  We 
note  that  the  end-mode  at  944  cm”1  does  not  split  in 
agreement  with  the  data.  This  is  because  the  displace¬ 
ment  of  the  atoms  shown  in  Fig.  3(c)  is  localised  to  the 
end  O-INN  atom.  However,  in  contrast  with  this,  the 


Tabic  1 

Observed  and  calculated  high  frequency  lf,0  modes,  cm”1,  of 
TDD(Af)  and  0.v  .4-2NN  in  Si:l 


N 

1 

2 

3 

4 

Calc. 

Obs. 

940  (723) 
975  (769) 

951  (732) 
988  (774) 

963  (740) 
999  (778) 

969  (747) 
1006  (781) 

;l  Frequencies  in  Ge  are  given  in  brackets. 


Fig.  4.  Calculated  IR-intcnsitics  of  the  modes  for  CF-2NN, 
broadened  with  Lorentzian  functions  by  4  cm  and  evaluated 
as  described  above.  lf,0  and  lsO  spectra  are  shown  in  (a)  and 
(b),  respectively,  whereas  the  27  combinations  for  a  50-50  u’0- 
lsO  mixture  are  depicted  in  (c). 

mode  around  715  cm”1  due  to  the  0-2NN  core  splits  in 
the  mixed  case  [Fig  4(c)],  again  in  agreement  with  the 
data.  This  reflects  its  chain  origin  illustrated  in  Fig.  3(b). 
The  chain  related  560  cm”1  Si  mode  is  quite  insensitive 
to  O-substitution  consistent  with  an  assignment  to  the 
observed  580  cm” 'band.  It  is  also  important  to  note  that 
the  calculated  ,6v/IKv  ratios  for  the  715  and  944  cm”1- 
modes  are  1.036  and  1.046,  in  good  agreement  with  the 
observations.  Fig.  4(a)  also  shows  that  other  modes 
around  726  and  627  cm”1  in  Si  are  expected  to  be  IR- 
active  but  have  not  yet  been  detected. 

In  the  case  of  Ge,  both  the  end-mode  at  748  cm-1  and 
the  chain  mode  at  571  cm”1  (,60)  are,  however,  split  in 
the  mixed  isotopic  case,  again  in  agreement  with  the 
data.  The  different  behaviour  of  the  end-mode  from  that 
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in  Si  is  striking  and  originates  from  the  closeness  in  the 
Ge^O-Ge  angles  at  the  ends  and  middle  of  the  chain 
when  compared  with  Si.  This  can  be  compared  with  the 
~140°  Ge-O-Ge  and  -160°  Si-O-Si  angles  for 
interstitial  oxygen  [19]. 

Acknowledgements 

We  thank  TFR,  KVA  and  SI  in  Sweden  for  financial 
support.  We  also  acknowledge  support  from  EPSRC 
and  INTAS  under  Grant  97-0824. 


References 

[1]  F.  Shimura  (Ed.),  Oxygen  in  Silicon,  Vol.  42  of  the  series 
Semiconductors  and  Semimetals,  Academic  Press,  San 
Diego,  1994. 

[2]  R.  Jones  (Ed.),  Proceedings  of  the  NATO  Advanced 
Workshop  on  the  Early  Stages  of  Oxygen  Precipitation  in 
Silicon,  NATO  ASI  Series  3,  Vol.  17,  High  Technology, 
Kluwer  Academic  Publishers,  Dordrecht,  1996. 

[3]  W.  Gotz,  G.  Pensl,  W.  Zulehner,  Phys.  Rev.  B  46  (1992) 
4312. 

[4]  R.C.  Newman,  J.  Phys.  C  18  (1985)  L967. 

[5]  L.C.  Snyder,  J.W.  Corbett,  in:  J.C.  Mikkelsen,  S.J. 
Pearton,  J.W.  Corbett,  S.J.  Pennycook  (Eds.),  Oxygen, 
Carbon,  Hydrogen  and  Nitrogen  in  Silicon,  Vol.  59,  MRS 


Symposia  Proceedings,  Materials  Research  Society,  Pitts¬ 
burgh,  1985,  p.  207. 

[6]  P.  Deak,  L.C.  Snyder,  J.W.  Corbett,  Phys.  Rev.  B  45 
(1992)  11612. 

[7]  D.J.  Chadi,  Phys.  Rev.  Lett.  77  (1996)  861. 

[8]  M.  Pesola,  Young  Joo  Lee,  J.  von  Boehm,  M.  Kaukonen, 
R.M.  Nieminen,  Phys.  Rev.  Lett.  84  (2000)  5343. 

[9]  R.  Jones,  J.  Coutinho,  S.  Oberg,  P.R.  Briddon,  in  these 
Proceedings  (ICDS-21),  Physica  B  308-310  (2001). 

[10]  J.L.  Lindstrom,  T.  Hallberg,  Phys.  Rev.  Lett.  72  (1994) 
2729. 

[1 1]  J.L.  Lindstrom,  T.  Hallberg,  in:  R.  Jones  (Ed.),  Proceed¬ 
ings  of  the  NATO  Advanced  Workshop  on  the  Early 
Stages  of  Oxygen  Precipitation  in  Silicon,  NATO  ASI 
Series  3,  Vol.  17,  High  Technology,  Kluwer  Academic 
Publishers,  Dordrecht,  1996,  pp.  41-60. 

[12]  W.  Kaiser,  J.  Phys.  Chem.  Solids  23  (1962)  255. 

[13]  P.  Clauws,  Mater.  Sci.  Eng.  B  36  (1996)  213. 

[14]  V.P.  Markevich,  L.I.  Murin,  V.V.  Litvinov,  A.A.  Kletch- 
ko,  J.L.  Lindstrom,  Physica  B  273-274  (1999)  570. 

[15]  P.  Clauws,  P.  Vanmeerbeek,  Physica  B  273-274  (1999) 
557. 

[16]  R.  Jones,  Semicond.  Sci.  Technol.  5  (1990)  255. 

[17]  A.  Baghdadi,  W.M.  Bullis,  M.C.  Croarkin,  Y.-Z.  Li,  R.I. 
Scace,  R.W.  Series,  P.  Stallhofer,  M.  Watanabe,  J. 
Electrochem.  Soc.  136  (1989)  2015. 

[18]  J.  Millett,  L.S.  Wood,  G.  Bew,  Brit.  J.  Appl.  Phys.  16 
(1965)  159. 

[19]  J.  Coutinho,  R.  Jones,  P.R.  Briddon,  S.  Oberg,  Phys.  Rev. 
B  62  (2000)  10824. 


ELSEVIER 


PHYSICAL 

Physica  B  308  310  (2001)  294  297  — 

www.clscvicr.com/locate/physh 


Chemical  and  structural  characterization  of  oxygen 
precipitates  in  silicon  by  infrared  spectroscopy  and  TEM 

O.  De  Grysea'*,  P.  Clauwsa,  O.  Lebedevb,  J.  Van  Landuytb,  J.  Vanhellemontc, 

C.  Claeysd,  E.  Simoend 


“University  of  Gent.  Krijgslaan  28 1  (SI),  B-9000  Gent,  Belgium 
h RUCA-EM AT,  Groenenhorgerhian  171,  B-2020  Antwerpen,  Belgium 
Ministry  of  Flanders,  AW1,  Boudewijnlaan  30,  B-1000  Brussel.  Belgium 
*  I  MFC,  Kapeldreef  75,  B-3001  Leuven,  Belgium 


Abstract 

Infrared  absorption  spectra  of  polyhedral  and  platelet  oxygen  precipitates  are  analyzed  using  a  modified  Day-Thorpe 
approach  (J.  Phys.:  Condens.  Matter  11  (1999)  2551).  The  aspect  ratio  has  been  determined  by  TEM  measurements. 
The  reduced  spectral  function  and  the  stoichiometry  are  extracted  from  the  absorption  spectra  and  the  concentration  of 
precipitated  interstitial  oxygen.  One  set  of  spectra  reveal  a  Frohlich  frequency  around  1 100cm"1  and  another  around 
1 1 10-1 120  cm  .  It  is  shown  that  the  shift  in  the  Frohlich  frequency  is  not  due  to  a  different  stoichiometry,  but  due  to 
the  detailed  structure  in  the  reduced  spectral  function.  The  oxygen  precipitates  consist  of  SiO  with  1.1  -  1. 2  +  0.1. 
€'■  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  6t.72.Qq 

Keywords:  Silicon:  Oxygen  precipitation;  Infrared  spectroscopy;  TEM 


1.  Introduction 

Oxygen  is  one  of  the  dominant  impurities  in 
Czochralski  grown  crystalline  silicon  (Cz).  Depending 
on  the  thermal  treatment  oxygen  precipitates  (SiO  .)  with 
different  morphology  are  formed  in  Cz  silicon  [1].  In  the 
literature  different  values  of  y  have  been  reported, 
ranging  from  0.95  to  2  [2-4].  The  precise  phase, 
however,  has  an  impact  on  the  precipitate  growth 
kinetics  and  thus  on  the  interstitial  oxygen  depletion 
from  the  bulk  [2],  Therefore,  the  identification  of  this 
phase  is  highly  desirable. 

The  infrared  absorption  spectra  can  be  reconstructed 
using  an  effective  medium  theory  [3,5-7],  only  requiring 
the  dielectric  functions  of  the  medium  and  the  particles, 
the  volume  fractions  and  the  aspect  ratio.  However,  in 
the  former  approach  [3,4]  the  analysis  depends  almost 


“^Corresponding  author. 

E-mail  address :  olivier. degryseto  rug.ac.bc  (O.  De  Grysc). 


entirely  on  the  availability  of  dielectric  functions  of  SiO  , 
which  limits  the  certainty  of  the  statements. 

It  is  assumed  that  the  SiO.  precipitates  consist  of  two 
phases  [4]:  amorphous  silicon  and  amorphous  Si02.  The 
effective  dielectric  function  of  a  composite  depends  both 
on  the  geometry  of  the  composite  and  on  the  dielectric 
functions  of  the  components.  The  geometrical  informa¬ 
tion  can  be  summarized  in  the  Bergman-Milton  (BM) 
spectral  density  function  [8,9],  which  is  independent  of 
the  material  parameters.  If  the  spectral  function  can  be 
extracted  from  experimental  absorption  spectra,  the 
volume  fractions  of  the  components  can  be  easily 
obtained,  and  thus  the  y  in  SiO  ..  Day  and  Thorpe  [10] 
showed  that  the  spectral  functions  can  be  extracted  from 
reflectance  data  if  known  properties  of  the  spectral 
function  are  incorporated  as  constraints  in  the  optimiza¬ 
tion  problem.  We  will  make  use  of  their  algorithm,  but 
add  more  constraints,  which  will  allow  to  obtain  the 
spectral  functions  and  volume  fractions  in  the  case  of  the 
SiO.  precipitates  in  silicon. 
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2.  Experimental 

The  investigated  Si  specimens  contained  an  initial 
interstitial  oxygen  concentration  between  7.5  and 
10.2  x  1017cm-3  (Table  1)  and  are  divided  into  four 
groups  of  annealing  schemes. 

The  first  set  of  samples  (i)  received  a  nucleation  step 
(800°C  in  N2  for  24  h)  followed  by  a  high-temperature 
step  (3h,  1100°C  in  wet  oxygen)  (samples  SD1  and 
SD2).  The  second  group  (ii)  received  a  series  of 
pretreatment  followed  by  a  high-temperature  step  at 
1000°C  for  a  duration  ranging  from  1  to  32  h  (samples 
SD3  and  SD4).  The  third  group  (iii)  received  nucleation 
step  (16  h  at  500°C),  followed  by  a  stabilization  step 
(16  h  at  800°C)  and  a  growth  step  (8h  at  1050°C) 
(sample  SD5)  [11].  The  last  group  (iv)  received  a  very 
long  treatment  at  750°  C  in  N2  ambient  for  265  h  in 
order  to  produce  a  high  density  of  stable  oxide 
precipitate  nuclei.  This  was  followed  by  a  treatment  at 
1050°C  in  Ar  for  2h  (samples  SD6,  SI  and  S2)  [4].  The 
oxygen  content  before  the  annealing  treatments  was 
determined  by  measuring  the  height  of  the  absorption 
peak  at  1107  cm-1  at  300  K,  using  the  IOC88  standard 
calibration  conversion  factor  (3.14  x  10!7cm“2)  [12], 
The  interstitial  oxygen  remaining  after  annealing  was 
determined  at  6K  by  measuring  the  height  of  the 
1206  cm"1  peak  [13].  In  this  way,  the  broad  absorption 
peak  at  300  K  belonging  to  the  remaining  interstitial 
oxygen  could  be  removed  by  subtracting  a  scaled 
1107  cm"1  absorption  peak  from  the  experimental 
spectrum,  leaving  the  spectrum  of  precipitated  oxygen 
only  [4J.  Transmission  electron  microscopy  (TEM) 
observations  were  performed  at  200  keV  along  the 
[001]  direction  (plan  view)  and  along  the  [0  1  1]  direction 
(cross-section)  on  two  samples  (SD6  and  S2). 


3.  Theory,  model  and  simulations 

The  dielectric  function  can  be  obtained  by  assuming 
that  the  particles  themselves  are  composites  of  inert 


Table  1 

Oxygen  concentration  before  and  after  heat  treatments 


Sample  name 

[Oi]  (initial) 

(10* 7  cm-3) 

[Oi]  (final) 
(1017cm-3) 

SD1 

10.3 

1.5 

SD2 

10.5 

4.9 

SD3 

10.2 

6.1 

SD4 

9.81 

2.7 

SD5 

8.09 

6.23 

SD6 

10.17 

2.13 

SI 

7.52 

1.37 

S2 

7.94 

0.94 

amorphous  silicon  (a-Si)  (em  =  11.7)  and  thermal 
oxidized  Si02  [14]  (t-Si02),  and  thus  can  be  approxi¬ 
mated  with  an  effective  medium  theory.  Because 
representation  of  the  dielectric  function  of  Si02  with 
damped  harmonic  oscillators  is  a  rather  crude  approx¬ 
imation  for  amorphous  solids  [4,15]  the  dielectric 
function  of  t-Si02  was  re-extracted  using  a  Gaussian 
broadened  harmonic  oscillator  model  [15,16]. 

In  the  BM  spectral  representation  the  effective 
dielectric  function  of  a  two  component  material  is  given 
by  [10]: 


with  Gp,  epm,  epp  the  effective  dielectric  function  of  the 
composite,  the  dielectric  function  of  the  host  (a-Si)  and 
of  the  inclusion  in  the  composite  (t-SiO?),  crpp  the  weight 
of  the  delta  function  of  the  spectral  function  at  the 
origin,  g(x)  is  the  reduced  spectral  function  [10],  and 
5pm  =  [l  -  Gpp/epm]-1.  The  reduced  spectral  function 
has  some  interesting  properties  [10].  g(x )  is  zero  at  x  =  0 
and  1,  and  g(x)^  0  on  the  interval  [0,1].  Furthermore  the 
zeroth  moment  gives  the  volume  fraction  of  the 
inclusion  ppp: 

Pw  =  °m  +  f  (2) 

and  for  an  isotropic  material  the  first  moment  satisfies: 

Ah  —  Jo  d(^)dx  =/?pP(l  —  /?Pp)/3. 

The  absorption  spectrum  for  oxide  particles  in  a 
silicon  matrix  is  given  by  [3,6]:  a  =  2nv  Im(  e  cff )/ 
Re(eg/f2),  with  v  the  wave  number  (in  cm"1),  and 
eeff(v,/s,/d,  em,  ep,y)  the  effective  dielectric  function 
[16]  according  to  the  continuum  theory  of  Genzel  and 
Martin  [7]  for  spherical  and  oblate  spheroidal  [3,6] 
particles,  where  /s  and  /a  are  the  volume  fractions  of 
polyhedral  and  platelet  precipitates,  em  and  gp  the 
dielectric  function  of  the  silicon  matrix  and  the  unknown 
effective  dielectric  function  for  the  SiO;.  particles 
(see  Eq.  (1)),  and  y  is  the  aspect  ratio.  The  resonance 
wave  number  is  given  by  the  Frohlich  wave  number 
(vs)  for  a  sphere  and  by  the  longitudinal  optical  (LO) 
wave  number  (vlo)  for  a  perfect  disk,  while  for  an 
oblate  spheroid  the  resonance  wave  number  (va)  lies 
between  vs  and  vlo,  depending  on  y.  The  absorption 
spectrum  of  the  oxide  precipitates  is  located  in  the 
reststrahlen  region  (the  region  between  transverse 
optical  wave  number  vTo  and  vLo)  of  t-Si02.  In  the 
case  of  Si07  particles  the  medium  consists  of  a 
rather  inert  medium  (a-Si)  and  a  medium  with  a  strong 
resonance  in  the  reststrahlen  region.  These  two 
conditions  should  allow  the  extraction  of  the  reduced 
spectral  function. 

The  spectral  functions  are  extracted  by  minimizing 
the  following  chi-squared  function  y2  —  y:y  +  X)., 
where  X2  =  ZJ  Mvi)  -  a(vj,app,0(x),/s,/d,.y)|  and  g(x) 
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wavenumbers  [cm'1] 


Fig.  I .  Application  of  the  optimization  procedure  to  experimental  absorption  spectrum  (set  I).  (a)  Absorption  spectrum  of  sample  SD6 
(solid  line)  and  the  best  fit  (dashed  curve),  (b)  Average  reduced  spectral  function  for  the  samples  of  set  I.  with  <7PP  =  0.49  +  0.03. 


approximated  as  a  histogram  with  64  bins.1  As  the 
heart  of  the  problem  is  an  inhomogeneous  Fredholm 
equation  of  the  first  kind  (Eq.  (1)),  the  problem 
will  be  ill-conditioned  [10].  The  standard  strategy  to 
tackle  such  a  problem  is  to  insert  a  priori  knowledge  into 
the  chi-squared  equations  by  means  of  a  set  of 
constraints  (/-): 

Z?  =  '-i  0<i  -  (Pppd  -  />pp)):  +  '.j(V f/(.v)): 

+  /:(A[Oi]— fO]pp)2  +  /j[Av;  +  vj],  (3) 

where  A[Oj]  is  the  disappeared  interstitial  oxygen, 
[0]pp  =  (fs4-f<i)pPpCsio;  is  the  concentration  of  oxygen 

in  the  precipitates,  and  CSio;  (  =  4.6  x  102:cm . 3)  is  the 

oxygen  in  SiCK  The  solution  has  to  satisfy  the 
first-moment  relation  (first  term  in  Eq.  (3))  [10]. 
The  second  term  is  a  smoothing  term,  to  prevent 
wild  oscillations  in  g{. y)  [10].  The  third  term  states 
that  all  the  disappeared  interstitial  oxygen  (A[Oj]>  is  in 
the  precipitates  ([0]pp).  The  last  term  gives  the  differ¬ 
ences  between  the  experimental  and  the  simulated  vs  and 
vd,  as  those  are  closely  related  with  vT0  and  vLO,  which 
in  turn  determine  the  dielectric  function  [5].  Tests 
on  simulated  spectra  demonstrated  that  the  algorithm 
is  capable  of  extracting  the  volume  fractions /s,/t|,/;pp 
accurately  and  cj(.x)  with  a  modest  accuracy,  while 
the  estimates  on  v  were  somewhat  underestimated  [16]. 
The  accurate  determination  of  /;pp  allows  to  determine 
the  stoichiometry. 


’Contrary  to  Day  and  Thorpe  [10],  we  do  not  use  a 
symmetric  effective  dielectric  function. 


4.  Results  and  discussion 

The  samples  can  be  divided  in  two  sets  (Table  I).  The 
first  set  of  samples  (set  I,  SD1-SD6)  reveals  two 
resonance  wave  numbers  in  the  absorption  spectra 
around  1 115-1 120cm  1  and  1215-1225cm_l,  tradition¬ 
ally  assigned  to  polyhedral  and  platelet  precipitates, 
respectively  [1,6].  The  second  set  (set  II,  S1-S2)  consists 
of  samples  with  only  one  resonance  wave  number 
around  1100cm  due  to  polyhedral  precipitates  [1], 
As  this  resonance  wave  number  is  clearly  shifted  with 
regard  to  the  samples  of  set  I,  one  might  expect  that  this 
is  due  to  a  different  phase  or  to  a  different  geometry  of 
the  medium. 

One  sample  from  set  I  (SD6)  and  one  from  set  II 
(S2)  were  investigated  with  TEM.  The  first  sample 
contained  polyhedral  and  platelets,  the  latter  having 
an  aspect  ratio  around  0.04  +  0.02.  No  platelet  pre¬ 
cipitates  were  observed  in  the  second  (S2)  sample,  as 
expected. 

The  algorithm  is  applied  on  the  two  sets  of  samples. 
For  set  I  a  volume  fraction  (ppp)  of  0.71+0.04  and  for 
set  II  a  slightly  lower  value  of  0.66  +  0.03  were  obtained. 
This  is  equivalent  with  SiO.,  with  y=  1.20  +  0.10  and 
1.08  +  0.07,  respectively.  The  difference  in  ppp  for  the  two 
sets  is  less  than  7%,  which  is  not  significant,  and  their 
95%  confidence  regions  overlap.  Hence,  the  shift  of  the 
Frohlich  wave  number  from  1110  to  1100cm  ‘  is  not 
related  to  a  change  in  volume  fraction  but  is  rather  due 
to  the  detailed  picture  of  g{. y),  and  thus  due  to  a  slightly 
different  geometrical  structure  of  the  composite.  For  the 
samples  of  set  I  g(.x)  has  a  maximum  around  .y^0.55 
(Fig.  1(b)),  while  for  the  samples  of  set  II  the  maximum 
is  located  around  ,v%  0.3 -0.4  (Fig.  2(b)).  The  error  bars 
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wavenumbers  [cm'1] 


Fig.  2.  Application  of  the  optimization  procedure  to  experimental  absorption  spectrum  (set  II).  (a)  Absorption  spectrum  of  sample  S2 
(solid  line),  and  the  best  fit  (dashed  curve),  (b)  Average  reduced  spectral  function  for  the  samples  of  set  II.,  with  o-pp  =  0.43 ±0.02. 


of  g(x)  for  set  II  are  somewhat  larger,  because  the 
corresponding  g(x )  has  a  rather  narrow  peak,  which  is 
much  harder  to  resolve. 

In  Fig.  1(a)  the  absorption  spectrum  of  sample 
SD6,  together  with  the  best  fit  is  given.  The  obtained 
aspect  ratio  is  0.02,  which  is  at  the  lower  border  of 
the  error  interval  determined  from  the  TEM  measure¬ 
ments.  In  Fig.  2(a)  an  example  of  set  II  is  given.  In  both 
cases  the  fits  to  the  absorption  spectra  are  good. 
Deviations  can  be  due  to  the  uncertainty  on  the 
dielectric  function  and  to  the  use  of  an  oscillator  model 
to  approximate  the  dielectric  function.  Generally, 
the  constraints  on  the  oxygen  concentration  (third 
term  in  Eq.  (3))  agreed  to  within  15%,  while  the 
constraint  on  the  first  moment  (first  term  in  Eq.  (3)) 
agreed  to  within  25%. 


5.  Conclusions 

The  modified  Day-Thorpe  algorithm  has  been 
adapted  to  the  case  of  absorption  spectra  of  SiO,, 
precipitates  in  silicon  and  was  more  severely  con¬ 
strained.  This  permitted  to  determine  the  volume 
fraction  of  SiC>2  in  the  precipitates  quite  accurately. 
Also  the  reduced  spectral  functions  for  two  sets  of 
specimens  with  different  Frohlich  wave  number  could  be 
obtained  with  a  moderate  accuracy.  The  shift  in  the 
Frohlich  wave  numbers  is  related  to  a  different 
geometrical  structure,  of  which  the  reduced  spectral 
function  is  the  emanation.  The  precipitates  consist  of 
SiOr  with  y  =  1 . 1  - 1 .2.  Regarding  the  wide  range  of 
experimental  situations,  the  latter  result  seems  to  be 
quite  general. 
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Abstract 

The  spectral  line  shape  of  the  y.x  no-phonon  line  of  the  exciton  bound  to  phosphorus  donors  in  silicon  is  asymmetric 
and  it  broadens  rapidly  with  increasing  oxygen  concentration.  We  show  that  these  effects  can  be  accounted  for  by 
assuming  that  a  neutral  oxygen  atom  has  a  short-range  potential,  decreasing  sufficiently  rapidly  with  distance  that  the 
first-order  effect  on  the  exciton  energy  level  is  proportional  to  the  exciton  density  on  the  oxygen  atom.  Different 
combinations  of  oxygen  atoms  around  the  phosphorous  centers  produce  a  variety  of  frequency  shifts  resulting  in  the 
inhomogeneous  broadening  of  the  y.\  line.  Assuming  that  oxygen  atoms  are  randomly  distributed  relative  to  the 
phosphorus  donors,  the  profile  of  the  y.\  line  can  be  simulated  and  the  strength  of  the  short-range  potential  determined. 

2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Optical  transitions  in  semiconductors  are  often 
inhomogeneously  broadened  by  crystal  imperfections. 
For  example,  point  defects,  dislocations  and  charge 
centers  produce  randomly  distributed  strain  fields  and 
electric  fields  that  can  affect  the  frequency  of  optical 
transitions.  The  line  shapes  of  the  transitions  then 
depend  on  the  statistical  distributions  of  the  fields  at  the 
optical  centers.  Consequently,  line  shapes  can  be  used  to 
monitor  changes  in  the  relative  distributions  of  the 
defect  and  optical  centers,  for  example  during  annealing 
treatments  [1],  and.  as  in  this  report,  they  reveal  the 
nature  of  the  perturbation  produced  by  individual 
defects. 

This  paper  is  concerned  with  the  effect  of  oxygen,  one 
of  the  most  common  impurities  in  silicon,  on  localized 
exciton  states  bound  to  phosphorus  donors.  A  substitu¬ 
tional  phosphorus  atom  in  silicon  forms  an  effective- 
mass  donor.  The  electron  states  are  derived  from  the  six 
equivalent  conduction-band  minima,  which  lie  along 
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k  ||  <  0  0  1 )  directions.  At  the  Tt|  site  of  the  P  atom,  these 
six  states  transform  as  Ah  E  and  T2  states,  with  the 
orbital  singlet  state  A|  lowest  [2].  An  exciton  may  be 
captured  by  the  center,  with  a  small  binding  energy 
(4.7  meV;  Ref.  [3]).  The  two  electrons  now  trapped  at  the 
P  atom  spin-pair  in  the  Aj  state,  and  the  hole  orbits  in  a 
state  derived  from  the  T*  valence-band  maximum. 
Luminescence  resulting  from  the  recombination  of  the 
hole  with  one  of  the  electrons  has  been  well-studied, 
including  its  response  to  externally  applied  stresses  [4]. 
We  concentrate  here  on  the  sharpest  spectral  line,  the  so- 
called  cc\  line,  whose  width  can  be  less  than  1  peV  in 
isotopically  pure  Si  [5].  In  pure  natural-abundance  Si  the 
width  is  5  peV,  increasing  with  oxygen  content  to 
100  peV  at  [O]  ^10IKcm“3  [6].  At  the  same  time,  the 
line  shape  becomes  highly  asymmetric  with  a  tail 
towards  higher  photon  energies  (Fig.  1).  The  broadening 
of  the  <x i  transition  has  been  attributed  to  the  spatial 
fluctuations  of  the  band  gap  produced  by  the  strain 
fields  of  the  oxygen  atoms.  This  effect  can  be  calculated, 
since  both  the  responses  to  strains  of  the  aq  line  [4]  and 
the  strains  produced  by  the  oxygen  are  known  [7].  We 
show  below  that  the  resulting  line  shape  would  be  a 
symmetric  doublet,  very  different  from  that  observed 
(Fig.  2).  Instead,  we  will  show  that  the  observed  line 
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Fig.  1.  Points  show  the  measured  spectrum  of  the  <x\  transition 
in  samples  with  an  oxygen  concentration  of  (a)  3  x  10 16  cm-3, 
(b)  7  x  1016cm-3,  and  (c)  3  x  10i7cm“3.  The  lines  are  the 
calculated  spectra  assuming  a  short-range  potential  at  the 
oxygen  atoms. 


Photon  energy  (cm-1) 


Fig.  2.  Points  show  the  measured  spectrum  of  the  a]  transition 
in  a  sample  with  an  oxygen  concentration  of  3  x  1017  cm-3.  The 
line  is  calculated  using  strain  broadening  theory. 


width  and  shape  can  be  accounted  for  by  assuming  that 
the  oxygen  atoms  are  randomly  distributed  and  that  a 
neutral  oxygen  atom  has  a  short-range  potential, 
decreasing  sufficiently  rapidly  with  distance  that  its 


first-order  effect  on  the  exciton  energy  level  is  propor¬ 
tional  to  the  density  of  the  exciton  on  the  oxygen  atom. 
Different  combinations  of  oxygen  atoms  around  the 
phosphorous  centers  produce  a  variety  of  frequency 
shifts,  resulting  in  the  inhomogeneous  broadening  of  the 
aj  line. 


2.  Experimental  details 

Silicon  grown  by  the  Czochralski  process,  using  a 
crucible  made  of  silica,  contains  a  supersaturated 
concentration  of  oxygen.  During  a  slow  cool-down,  or 
any  post-growth  heating,  the  oxygen  atoms  can  become 
mobile  and  begin  to  precipitate.  The  samples  used  here 
had  been  specially  processed  for  the  experiments  on 
isolated  oxygen  atoms  and  any  small  aggregates  of 
oxygen  had  been  thermally  dissociated. 

Photoluminescence  spectra  were  measured  using  an 
Ar+  laser,  running  at  an  output  power  of  1 00-200  mW, 
with  the  samples  immersed  in  liquid  helium  at  4.2  K.  The 
luminescence  was  measured  at  a  resolution  of  5  peV 
using  a  Bomem  DA8  Fourier  transform  spectrometer 
fitted  with  a  North  Coast  Ge  detector.  To  avoid 
experimentally-induced  strain-broadening,  the  samples 
were  tied  to  the  sample  holder  using  Teflon  tape,  and  the 
spectra  were  measured  at  points  remote  from  the  tape. 

3.  Results  and  discussion 

Interstitial  oxygen  is  positioned  between  two  silicon 
neighbors,  with  a  Si-O-Si  angle  of  160°  and  Si-O  bond 
length  ~0.16nm  [8].  Since  the  Si-Si  bond  has  length  of 
0.234  nm,  an  expansion  of  the  silicon  lattice  is  expected, 
and  its  volume  increases  at  the  rate  of 

AF/F  =  1.3  x  10“23[O],  (1) 

where  [O]  is  the  oxygen  concentration  in  cm-3  [7].  The 
corresponding  factor  for  substitutional  carbon  is 
-1.95  x  10-23  cm-3  [9]. 

Within  the  elastic  approximation  the  lattice  displace¬ 
ment  u  at  the  distance  r  from  a  point  defect  in  an  infinite 
crystal  would  be  u  =  rA/r 3,  where  A  is  a  lattice 
mismatch  parameter.  The  corresponding  strain  tensor 
e\j  at  the  point  (ri,r2,r3)  a  distance  r  from  the  oxygen 
atom  is  given  by 

ey  =  A /r3  (<5,v  -  3 nrj/r2),  (2) 

where  <5,y  =  1  if  i  =j  and  is  otherwise  0  [10].  It 
follows  that  the  hydrostatic  component  of  this  field 
is  equal  to  zero  at  any  non-zero  r.  However,  at  r  =  0 
there  is  a  local  change  of  the  volume  occupied  by  the 
oxygen  atom,  with  a  magnitude  AFC  =  4nA  for  each 
oxygen  atom.  In  addition,  there  is  a  long-range 
contribution  to  the  volume  change  associated  with 
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the  image  forces  at  the  surface  of  a  finite  crystal.  This 
term  gives  a  further  dilatation  for  each  oxygen  atom  of 
AFS  =  87rT(l  -  2<r)/(l  +  a),  where  a  is  Poisson’s  ratio 
for  an  isotropic  crystal;  we  take  a  =  0.22  since  <00  1) 
strains  give  the  largest  perturbation.  The  total  volume 
change  per  oxygen  atom  is  then 

SV  =  AVc  +  SV>  =  \2n/2z£l  (3) 

(I  +  (7) 

allowing  A  to  be  found  from  Eq.(l)  since  the  oxygen 
concentration  is  measurable  [11].  Consequently,  the 
strains  eu  are  known  from  Eq.  (1) 

The  effect  of  randomly  distributed  carbon  impurities 
on  the  y.]  transition  has  been  considered  in  Ref.  [12].  It 
was  shown  that  the  presence  of  the  inhomogeneous 
strain  field  produces  not  only  a  broadening  but  also  a 
splitting  of  y.\  into  two  lines.  Strain-broadening  theory 
accurately  fitted  the  data.  Application  of  the  same 
theory  to  the  present  samples,  with  oxygen  as  the  strain 
source,  gives  the  result  in  Fig.  2,  substantially  sharper 
than  the  experimental  line  shape,  and  a  symmetric 
doublet  rather  than  asymmetric  singlet  observed.  It  is 
clear  that  inhomogeneous  strains  cannot  account  for  the 
oxygen  broadening  of  the  line. 

To  explain  the  effect  of  oxygen  on  the  oq  transition  we 
shall  consider  a  localized  perturbation  produced  by  each 
oxygen  atom.  We  shall  assume  that  the  neutral  O  atom 
has  a  short-range  potential  located  within  a  radius  R(). 
Its  effect  on  the  exciton  state  is  then  proportional  to  the 
exciton  density  at  the  location  of  O  atom.  We  assume 
that  the  exciton  distribution  can  be  described  by  a 
wavefunction  of  the  form 


When  Ro  is  small  in  comparison  with  the  kBohr  radius’ 
Rh,  the  energy  shift  of  the  exciton  state  is,  in  the  first 
order. 


A  hv  =  B  exp 


(5) 


where  B  is  an  interaction  parameter  determined  by  the 
strength  of  the  oxygen  potential. 

Using  Eq.  (5)  and  assuming  that  the  oxygen  atoms  are 
randomly  distributed  in  the  silicon  lattice,  we  can 
calculate  the  profile  of  the  oq  line.  The  solid  lines  on 
Fig.  1  show  the  simulated  spectra  obtained  for  oxygen 
concentrations  (a)  3  x  1016  cm-3,  (b)  7  x  10Ul  cm"3,  and 
(c)  3  x  1017cm"\  with  B  =  0.8  meV  and  Rh  =  2.2  nm. 
The  calculated  spectra  have  also  been  broadened  by  the 
random  strain  fields  of  the  oxygen,  as  described  above, 
and,  to  allow  for  broadening  effects  common  to  all  the 
samples,  the  spectra  have  been  broadened  with  the  use 
of  the  line  shape  that  corresponds  to  the  experimental 
shape  of  oq  at  low  [O]  (0.2  part  of  Lorentzian  and  0.8 


part  of  Gaussian,  both  having  half-width  of  10peV). 
The  calculated  spectra  are  in  good  agreement  with  the 
experimental  results  which  are  shown  in  Fig.  1  by  dots. 

In  the  model,  the  parameter  R\,  determines  the  extent 
of  the  volume  sampled  by  the  bound  exciton.  and  so 
controls  primarily  the  extent  of  the  asymmetric  tail.  Its 
value  is  similar  to  the  ‘effective  excitonic  radius’  quoted 
as  -3.5  nm  [13].  The  parameter  B  scales  the  width  of  the 
distribution.  The  value  of  B  is  consistent  with  the  first- 
order  perturbation  of  the  excited  state  ^r(r)  by  a 
perturbing  potential  V(r)  which  is  described  by  a 
constant  potential  K„  located  in  the  small  volume  R ,3 
occupied  by  the  oxygen  atom 

A  E=  f  drK(r)|l/f(r)|-=-^exp(-2c/«b). 

J  7TAb 

Comparison  with  Eq.  (5)  gives  V„  =  and 

hence  a  plausible  value  of  V<>  -  2.4  eV  if  R()  is  an 
interatomic  spacing. 

We  have  shown  that  oxygen  can  increase  the  energy  of 
the  transition  through  the  effect  of  its  short-range 
(chemical)  potential.  The  exciton  bound  to  phosphorus 
is  a  simple  case  since  its  wave  function  will  plausibly 
decrease  slowly  in  space  in  the  form  of  Eq.  (4)  and  so  its 
detailed  structure  is  unimportant.  The  same  mechanism 
could  produce  considerably  larger  upshifts  at  more 
tightly  bound  centres. 
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Abstract 

The  diagram  of  electronic  levels  of  A-Si-O-Si-A  clusters  (where  A  is  carbon,  germanium,  tin  or  lead),  has  been 
obtained  by  group-theoretical  analysis  and  molecular  orbitals  approaches.  Three  possible  forms  of  Si  substitution  by 
isovalent  impurity  atoms  are  discussed.  A  linear  A— Si— O— Si— A  cluster  and  the  clusters  with  A  located  in  the  second 
sphere  relative  to  an  oxygen  atom  with  formation  of  a  planar  trans-configuration  and  a  nonplanar  cis-configuration 
were  considered.  It  has  been  shown,  that  all  these  forms  of  Si  substitution  by  isovalent  impurity  atoms  lead  to  the 
decrease  of  the  force  constants  and  frequencies  of  local  vibrations  of  Si-O-Si,  respectively.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 
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1.  Introduction 

Oxygen  (O)  is  known  to  be  the  main  and  most 
intensively  studied  impurity  in  CZ-grown  Si.  It  is  one  of 
the  most  active  impurities  in  defect  formation  processes 
in  Si.  In  recent  years,  the  investigation  of  the  properties 
of  Si  doped  with  isovalent  impurities  (IVI)  has  become  a 
matter  of  considerable  interest.  It  has  been  found  that 
IVI  in  Si  influence  the  diffusion  of  O  and  its  precipita¬ 
tion  at  heat  treatments,  the  formation  processes  of 
radiation  defects.  However,  the  mechanism  of  interac¬ 
tion  between  O  and  IVI  atoms  has  not  been  adequately 
studied  up  to  date. 

The  study  of  O  properties  in  as-grown  materials  is 
interesting  first  of  all.  It  is  known  that  the  doping  of  Si 
by  IVI  atoms  leads  to  an  appearance  of  the  additional 
local  modes  in  the  frequency  region  corresponding  to  V3 
vibrational  mode  of  O  [1-3]  (Fig.  1).  As  it  is  seen  from 
Fig.  1,  for  all  IVI,  additional  bands  appear  on  the  low- 
frequency  side  relative  to  the  band  characteristic  of  Si, 
independent  of  the  sign  of  the  strain  produced  by  IVI. 
In  Refs.  [1-3],  additional  bands  observed  were  ascribed 
to  the  v3  vibrational  mode  of  interstitial  O  disturbed 
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by  IVI  atom  located  in  the  second,  third  or  fourth 
neighbouring  site. 

In  this  work,  it  is  shown  that  an  additional  structure  in 
the  absorption  spectrum  of  oxygen  in  IVI-doped  silicon 
can  appear  due  to  the  nonequivalent  arrangement  of  IVI 
atom  in  the  nearest  Si-O-Si  environment  (in  the  second 
sphere  relative  to  an  oxygen  atom). 


2.  Results  and  discussion 

Oxygen  is  known  to  form  in  the  Si  lattice  a  Si-O-Si 
(Si20)  quasimolecule  oriented  along  the  axis  [1  1  1]  [4-6]. 
Quasimolecule  has  D3d  symmetry  and  forms  a  Si3— Si— 
0-Si-Si3  cluster  in  Si.  To  explain  the  peculiarities 
observed  in  the  absorption  spectrum  of  O  in  IVI-doped 
Si,  let  us  choose  the  following  model.  Si  is  known  to 
have  a  tetrahedrally  coordinated  diamond  structure, 
according  to  which  the  Si  atoms  are  arranged  pair-wise 
along  the  [1  1  1]  axis  with  vacant  lattice  sites  between 
them  and  form  a  •  Si-Si  •  Si-Si  •  chain  (where  the 
points  denote  the  vacant  lattice  sites)  [7,8].  These  vacant 
lattice  sites  are  possible  places  of  the  localization  of  IVI 
atoms.  Consider  the  linear  cluster  A-Si-O-Si-A  along 
the  [111]  axis,  which  is  shown  in  Fig.  2a.  First,  consider 
the  electronic  structure  of  the  Si20  quasimolecule  and 
then  analyse  the  effect  of  C,  Ge,  Sn  and  Pb  atoms  on  it. 
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Fig.  1.  Absorption  bands  of  interstitial  oxygen  in  Si  and  Si 
doped  with  Ge.  Sn  and  C  measured  at  4.2  K  with  resolution 
0.25cm  A'(icfel.l  xlO:f,cm  3;  ArSri»2  x  I0|l,cm  \ 
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Fig.  2.  Linear  cluster  A  Si  O  Si  A  (a)  and  clusters  with  planar 
trans-  (b)  and  nonplanar  (c)  cis-structures. 


The  energies  of  the  3s  and  3p  levels  of  the  Si  atom  are 
-14,965  and  -7755eV  [9]  and  the  ones  of  the  2s  and  2p 
levels  of  the  O  atom  are  -34.078  and  -1 7,238  eV  [10]. 
The  energy  values  of  the  levels  with  opposite  signs  are 
known  to  correspond  to  ionization  potentials.  Thus,  the 
2s  and  2p  levels  of  the  O  atom  lie  below  the  3s  and  3p 
levels  of  the  Si  atom.  The  ionization  energies  and 
potentials  of  the  ns  and  np  levels  of  the  Ge.  Sn  and  Pb 
atoms  are  known  to  have  lower  values  as  compared  with 
the  Si  atom  and  higher  values  for  the  C  atom.  This  is 
accounted  for  by  the  fact  that  the  position  of  the  ns  and 
np  levels  become  higher  when  the  principal  quantum 
number  increases  in  the  order  C,  Si,  Ge,  Sn,  Pb.  Let  us 
analyse  the  electronic  structure  of  cluster  A-Si-O-Si-A 
by  the  theoretical  group  analysis  [II]  and  molecular 
orbital  methods  [12.13].  Table  1  gives  a  classification. 


Tabic  1 

Classification  of  AO's  of  oxygen  atom  and  GO's  of  Si,  C,  Ge. 
Sn  and  Pb  atoms  in  Sip-O-SL  quasimoleculc  and  Ai-Sij-O- 
Sh  A4  cluster 


pinj 

o 

ro.  <p„, 

Sij  -Si: 

-t 

< 

i 

< 

a,,(e;) 

s 

(s,  +  s.)/v/2 
(P-t  — Pr’V  \/2 

(S3  +  s4)/  v/2 
(P.-.^”Pr4)'\/2 

) 

P: 

(S|  S;)/\/2 

(P,i  +  P.-:)/V2 

(s:,-s4Vv/2 

(P.-j-P.-jVv^ 

Eg(ne) 

(p.r-p.:),V2 

(P.|-p.:V\/2 

(Pv'-p.vaVV^ 
(P.V3-P.V-*)'  v2 

Eu(nu) 

(Pai+Pv:)/\/2 

(pvi  +  Pv:)/\/2 

Pv 

(Prl+PiiVV^ 

(Pv3  +  Pv-»)/\/2 

obtained  by  the  theoretical  group  analysis  method,  of 
the  atomic  orbitals  (AO)  of  the  O  atom  and  group 
orbitals  (GO)  of  Si  and  A  atoms  in  the  cluster  A:,-Si|- 
0-Si2-A3  with  D3J  symmetry  (in  the  case  of  the  cluster 
in  the  crystal)  and  D ,  h  symmetry  (for  isolated  state)  for 
a  linear  cluster.  In  this  case,  it  was  taken  into  account 
that  in  passing  from  group  D/b  to  Dw,  the  irreducible 
representations  (IR)  transform  as  follows  [11]: 
Iji  -»A|g,  ->A2i!,  Iu  ->A:U,  I~->Aju,  nM 

-►Eu;  The  GO's  are  formed  by  the  effects  of  the 
projection  operator  H2r'/(R)Tr  on  s  and  p  AO,  where 
Tfi  and  yl(R)  are  the  transformation  operator  and  the 
character  of  IR  j  (A,g.  A^.  Eu.  A2u,  n„  etc.), 
respectively,  to  which  the  symmetry  operation  R 
corresponds.  It  is  known  [13]  that  symmetry  operations 
transform  the  pv,  pr,  p_  AO  equivalently  to  the  .\\  r  and 
r  axes  of  the  coordinate  system. 

According  to  the  variational  perturbation  theory  [14], 
the  r.jj  energy  levels  and,  corresponding  to  them,  the 
molecular  orbitals  KP a  of  the  quasimolequle  and  cluster 
are  expressed  as 

f.jj  =  fuj  —  ^  ^  (Fill,)  ~  FjjjSjnj)  /(Fm  f  —  Fjj  j).  (1) 

t)  t-  i 


-2.5, „,i (F,,,,  -  FUjSi,hi)(F,mJ  -  |  ,  (3) 

where  i  is  the  level  number,  /  is  the  IR  of  the  symmetry 
group,  Finj  and  Sit,j  are  the  matrix  elements  of  the 
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Hartree-Fock  operator  F  and  overlap  integrals,  and  N$ 
are  normalization  constants,  which  were  obtained  with 
the  aid  of  the  condition  of  normalization  <  Wy  \  Wy  )  = 
1.  The  energy  of  the  two-fold  degenerate  level  8iEg  to 
which  the  GO’s  of  the  Si,  and  Si2  atoms  (nonbonding 
MO’s)  correspond,  is 

£]Eg  =  <Eg  \F\  Eg)  ~£3pSi  =  -^3pSi,  (4) 

where  £3pSi  and  /3pS i  are  the  ionization  energy  and 
potential  of  the  3p  level  of  Si  atom. 

Fig.  3a  shows  the  level  diagrams  obtained  for  the  Si20 
quasimolecule.  The  electronic  structure  of  complex 
systems,  to  which  the  A-Si-O-Si-A  cluster  belongs, 
can  be  constructed  only  by  the  method  of  linear 
combination  of  molecular  orbitals  (LCMO)  [12,13]  of 
interacting  subsystems  (fragments) — MO’s  of  the  Si20 
and  GO’s  of  A  atoms  (see  Table  1  and  Fig.  2a).  A 
diagram  of  the  A-Si-O-Si-A  cluster  obtained  this  way 
is  shown  in  Fig.  3b.  It  follows  from  the  diagram  (Fig.  3a) 
and  the  formulae  (1),  (2)  that  the  1  A2g,  2Alg,  3A,g  MO’s 
of  the  Si20  are  nonbonding  since  the  differences  in  the 
ionization  potentials  between  the  2s  level  of  the  O  atom 
and  the  3  s  and  3p  levels  of  the  Si  atom  are  large  and  are 
19.113  and  26.323eV.  The  lA2g  MO  is  AO  2s  of  the  O 
atom,  and  2Alg,  3A,g,  are  linear  combinations  of  GO’s 
composed  of  AO  3s  and  3p  of  Si  atoms  with  opposite 
signs.  The  1A2u,  1EU  and  3A2u  MO’s  are  of  bonding  and 
antibonding  characters  with  the  localization  of  electron 


Fig.  3.  Levels  diagram  Si-O-Si  quasimolecule  and  A-Si-O-Si- 
A  (A  =  C,  Ge,  Sn,  Pb)  cluster. 


density  inside  and  outside  the  Si-O-Si  bond,  respec¬ 
tively.  The  2A2u  MO  is  weakly  antibonding  since  the 
antibonding  by  the  contribution  of  the  AO  2p  of  the  O 
atom  is  partially  compensated  by  the  contribution  of  the 
GO  of  Si  atoms,  which  is  composed  of  AO  3pr.  As  it  was 
already  mentioned,  the  lEg  MO’s  are  nonbonding  on 
symmetry  and  are  GO’s  composed  of  the  AO  3p.Y,  3pv  of 
Si  atoms.  The  lAlg,  1A2u,  1Eu  MO’s  make  a  very  small 
contribution  to  the  formation  of  bonds  between  Si20 
and  A  atoms  and  Si  atoms  of  the  next  environment 
spheres  because  their  overlap  integrals  have  the  same  GO 
symmetry,  and  hence,  the  matrix  elements  of  the  F 
operator  are  negligible.  The  2A]g,  2A2u,  lEg,  3Alg,  2EU, 
2A2u  MO’s  of  the  Si20  contribute  to  the  formation  of 
their  bonds  since  the  electron  densities  of  these  MO’s  are 
concentrated  on  the  Si  atoms,  which  ensure  their 
overlaps,  and  the  matrix  elements  of  the  F  operator  with 
the  above  GO’s  are  nonzero.  Thus,  the  2Alg,  2A2u,  lEg, 
3A,g,  2EU,  3A2u  MO’s  are  delocalized  on  the  A  and  Si 
atoms  of  the  next  environment  spheres  of  the  Si20  in 
crystal,  and  the  lA,g,  1A2u,  1EU  MO’s  are  localized  on 
the  O  atom  and  Si-O  bonds,  correspondingly.  The  latter 
MO’s  determine  the  locality  (characteristicity)  of  the 
bonds  of  Si20  and  lead  to  the  appearance  of  character¬ 
istic  vibrational  modes  of  the  Si20  in  the  absorption 
spectra.  The  LCMO  method  [12,13],  which  was  em¬ 
ployed  by  us  in  the  study,  showed  that  the  bond  between 
the  Si20  and  the  A  atoms  in  the  A-Si-O-Si-A  cluster  are 
formed  by  its  2Alg,  2A2u,  lEg,  3A,g,  2EU,  3A2u  MO’s  and 
the  GO’s  of  the  corresponding  IR’s  of  two  atoms  of  A. 

It  follows  from  the  level  diagram  of  the  A-Si-O-Si-A 
cluster  shown  in  Fig.  3b  that  the  bonds  in  the  cluster  are 
realized  by  the  electrons  of  the  2Alg,  2A2u,  lEg,  2EU 
MO’s,  and  that  the  3A2u,  3Alg  MO’s  are  of  a  weak 
bonding  or  antibonding  nature  in  accordance  with 
formulae  (1)  and  (2)  since  the  bonding  and  antibonding 
contributions  partially  compensate  each  other.  Since  the 
2Alg,  2A2u  and  lEg  MO’s  of  the  Si20  quasimolecule  are 
nonbonding,  their  participation  in  the  formation  of 
bonds  to  the  A  atoms  does  not  greatly  affect  the  force 
constants  and  vibration  frequencies  of  Si20.  However, 
the  participation  of  the  antibonding  2EU,  3A2u  MO’s  of 
Si20  in  the  formation  of  bonds  to  A  impurities  weakens 
the  intramolecular  bonds  of  the  quasimolecule,  and, 
consequently,  its  force  constants  and  hence,  vibration 
frequencies  decrease. 

The  possible  nature  of  the  shift  of  the  vibrational 
absorption  bands  of  the  Si-O-Si  quasimolecule  (which 
are  associated  with  the  perturbation  by  A  atoms),  which 
was  established  for  the  linear  A-Si-O-Si-A  cluster,  is 
also  characteristic  of  cluster  with  planar  trans-structure 
and  nonplanar  cis-structure,  which  are  produced  by  the 
substitution  of  A  atoms  for  Si  atoms  in  the  next 
environment  sphere  of  quasimolecule  as  is  shown  in 
Figs.  2b  and  c.  Here,  as  in  the  case  of  linear  cluster,  the 
force  constants  and  vibration  frequencies  of  the  Si20 
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quasimolecule  decrease  due  to  the  interaction  of  the 
antibonding  2EU  and  3A2ll  MO's  of  Si20  with  A  atoms. 
However,  when  the  linear  structure  changes  to  the  planar 
trans-structure  or  nonplanar  cis-structure  with  an  angle 
of  60  between  Si-A  bonds  (Fig.  2c),  the  fully  symmetric 
and  antisymmetric  states  (Fig.  3b)  transform  according 
to  the  IR's  of  Ag  and  Au  of  C,  symmetry  group  and  A 
and  B  of  C2  symmetry  group  of  the  planar  trans-  and 
nonplanar  cis-structures,  respectively.  This  leads  to  the 
removal  of  the  degeneracy  of  the  states  Et,  and  Eu,  to  the 
strengthening  of  the  Si-A  bonds,  weakening  of  the  bonds 
in  the  Si20  and  decreasing  of  the  vibration  frequencies 
since  the  number  of  the  MO's  of  the  Si20  quasimolecule 
and  GO'S  of  the  impurity  atoms  A,  which  refer  to  the 
same  IR,  increases.  The  above  effects  are  more  pro¬ 
nounced  in  the  case  of  nonplanar  cis-structure,  for  which 
GO’s  composed  of  s  orbitals  of  A  atoms  contribute  to 
interactions  with  both  degenerate  states  Eg  and  Eu  of  the 
Si20  quasimolecule  and  with  only  one  state  in  the  case  of 
planar  trans-structure. 

Thus,  the  investigation  carried  out  by  the  LCMO 
method  show  that  additional  bands  can  appear  in 
absorption  spectra  of  the  Si20  quasimolecule  in  silicon 
due  to  different  forms  of  substitution  of  isovalent  atoms 
for  Si  atoms  in  the  second  environment  sphere  of 
oxygen. 
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Abstract 

The  interstitial  carbon-oxygen  complex  is  one  of  the  most  prominent  defects  formed  in  e-irradiated  Cz-Si  containing 
carbon.  Stress  alignment  investigations  have  shown  that  the  oxygen  atom  only  perturbs  the  carbon  interstitial  but  the 
lack  of  a  high  frequency  oxygen  mode  has  been  taken  to  imply  that  the  the  oxygen  atom  is  over-coordinated.  Local 
vibrational  mode  spectroscopy  and  ab  initio  modeling  are  used  to  investigate  the  defect.  We  find  new  modes  whose 
oxygen  isotopic  shifts,  along  with  the  piezoscopic  stress-energy  tensor  support  the  trivalent  model,  thus  providing 
evidence  for  oxygen  over-coordination.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Bb;  6L72.Ji;  61.80.Az;  61.80.Fe;  63.20.Pw;  71.55.Cn;  81.05.Cy 

Keywords:  Silicon;  Radiation  defects;  Oxygen;  Carbon 


1.  Introduction 

Low  temperature  e-irradiation  of  Si  generates  mobile 
Si  interstitials  which  are  readily  trapped  by  substitu¬ 
tional  carbon  defects  forming  carbon  interstitials  (Q).  In 
turn,  these  are  mobile  at  room  temperature  and 
subsequently  complex  with  many  impurities  including 
oxygen.  The  interstitial  carbon-oxygen  center  (CA)  is  a 
product  of  the  latter  interaction  and  is  a  stable  defect 
with  an  annealing  temperature  around  350-450°C  [1].  It 
has  been  detected  by  all  four  principal  methods  used  to 
characterize  defects.  Electron  paramagnetic  resonance 
(EPR)  relates  the  qoj+)  defect  to  the  G15  signal  [2].  Its 
similarity  with  the  magnetic  properties  of  C|+-  implies 
that  the  C-atom  is  only  slightly  affected  by  oxygen.  The 
defect  gives  a  prominent  0.7896  eV  photoluminescent 
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(PL)  signal  (C-line)  [3],  associated  with  several  local 
mode  replicas  [1].  Previous  Fourier  transform  infra-red 
(FTIR)  spectroscopic  experiments  have  identified  local 
vibrational  modes  (LVMs)  at  1116,  865,  742,  550  and 
529.8  cm-1  [4].  Finally,  deep  level  transient  spectroscopy 
(DLTS)  has  linked  a  donor  level  at  Ev  +  0.38  eV  with  the 
defect  [5]. 

Based  on  stress  alignment  arguments,  the  structure 
shown  in  Fig.  la  was  put  forward  [2].  On  the  other 
hand,  as  depicted  in  Fig.  lb,  theoretical  modeling 
proposed  a  strongly  affected  oxygen  atom  relative  to 
its  normal  bond-centered  placement.  It  was  then  argued 
that  the  greater  electronegativity  of  carbon  encouraged 
electron  transfer  from  the  dangling  bond  at  the  Si2 
atom,  leading  to  an  Si?-D  oxidative  bond  at  the  expense 
of  a  lone  pair  orbital  on  oxygen  [6]. 

Interest  in  the  defect  has  recently  arisen  from  two 
fronts:  (i)  the  observation  of  its  reduction  by  irradiating 
hydrogenated  samples  [7,8]  and,  (ii)  the  suggestion  that 
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the  interaction  between  H  and  a  prominent  radiation- 
induced  defect  like  VO  or  QOj  gives  rise  to  the  first 
member  of  a  shallow  donor  family  (labeled  as  DV 
with  V  =  1,  2  and  3)  [9,10],  with  D2  and  D3  identified 
as  STD(H)2  and  STD(H)3  members  of  the  hydrogen- 
related  shallow  thermal  donor  family  [STD(H)/V]  [1 1]. 

Oxygen  over-coordination  has  been  a  matter  of 
interest,  as  it  is  thought  to  be  the  origin  for  donor 
activity  on  thermal  donors.  A  comprehensive  study  of 
the  CjOj  defect  by  FTIR  and  ab  initio  modeling  is 
presented  here,  paying  special  attention  to  the  coordina¬ 
tion  of  the  O-atom. 


2.  Experiments 

The  IR  absorption  analysis  was  carried  out  using  a 
Bruker  1 1 3v  Fourier  transform  IR  spectrometer.  The 


Fig.  1.  Models  for  C,0,.  (a)  divalent  oxygen  model,  (b) 
trivalent  oxygen  model.  Gray,  black  and  white  atoms  are  Si, 
C  and  O.  Crystallographic  axes  and  principal  directions  of  the 
5-tensor  are  also  shown. 


measurements  were  performed  at  10  K  and  at  room 
temperature  (RT),  with  a  spectral  resolution  of  0.5- 
1.0  cm  '.  Three  types  of  Si:0,  C  samples  were  used. 
Sample  (1)  contained  ,60  and  12C,  while  sample  (2) 
contained  mainly  !sO  and  l2C.  Sample  (3)  was  doped 
with  lr,0  and  13C.  Sample  (1)  was  fabricated  from 
ordinary  phosphorus-doped  Cz-Si  with  initial  resistivity 
of  60 Gem,  with  oxygen  and  carbon  concentrations  of 
about  1  x  10,s  and  3  x  I0l7cm"\  respectively.  Samples 
(2)  and  (3)  consisted  of  float-zone  Si  material  (Fz-Si) 
enriched  with  oxygen  and  carbon  isotopes.  In  (2)  the 
concentrations  of  16Oj,  lsO,  and  ,2CS  were  5  x  1016, 
1.5  x  1 01  s  and  4xl0,7cm“\  respectively,  while  (3) 
contained  about  lxl0'scm"3  of  klO,  and  1.5  x 
10!s  cm'3  of  I3CS.  Irradiation  with  electrons  (2.5  MeV) 
was  performed  at  RT.  Isochronal  anneals  of  30  min  were 
carried  out  up  to  600~C  in  nitrogen  ambient. 

Fig.  2  shows  fragments  of  differential  absorption 
spectra  of  electron-irradiated  Si  samples  doped  with 
different  O  and  C  isotope  combinations.  Table  1  gives 
band  frequencies  for  neutral  QOj  and  their  l3C  and  I80 
isotopic  shifts.  In  descending  frequency,  they  are  labeled 
as  the  1116.  865,  742,  585,  550,  540  and  529  cm-'  bands, 
respectively.  Other  than  the  585  and  540  cm-'  modes, 
the  bands  are  the  same  as  those  given  earlier  [1,4]. 
However,  only  carbon  isotope  effects  had  previously 
been  studied  by  IR-absorption,  and  shifts  were  only 
found  for  the  1116  and  865  cm-'  lines. 

The  most  important  result  is  the  observation  of  a 
significant  33.4cm-'  oxygen  isotopic  shift  only  for  the 
742  cm-'  band,  clearly  indicating  its  oxygen  character. 
This  shift  is  in  agreement  with  observations  based  on  PL 
vibrational  spectroscopy  [1].  The  present  work  then 
clearly  shows  that  the  highest  oxygen  related  frequency 
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Table  1 

Observed  and  calculated  LVMs  (cm-1),  for  QOi10).  First  two 
columns  report  absolute  frequencies,  whereas  columns  three 
onwards  give  their  downward  isotopic  shifts 


160,  1 

2C 

l6o, 

,3C 

l80, 

l2C 

Obs. 

Calc. 

Obs. 

Calc. 

Obs. 

Calc. 

1116.3 

1137.6 

36.4 

37.7 

1.0 

1.0 

865.9 

876.1 

23.9 

24.5 

0.15 

0.1 

742.8 

759.6 

0.5 

0.3 

33.4 

35.6 

-588 

593.4 

— 

0.1 

—  3 

3.2 

549.8 

555.8 

0.2 

0.3 

0.3 

0.2 

-542 

544.7 

-0.5 

0.1 

-1.5 

0.5 

529.6 

544.2 

0.1 

0.0 

5.2 

5.4 

lies  at  742  cm-1,  compared  with  1136  cm-1  for  Oi,  and 
possesses  an  180  shift  considerably  smaller  than  that  of 
the  asymmetric  stretch  mode  in  Oj  (51.4  cm-1)  [12]. 

The  low  intensity  and  spectral  location  have  probably 
prevented  the  detection  of  the  585  cm-1  band  pre¬ 
viously.  In  Si :  160, 12C,  the  585  cm-1  band  is  masked  by 
the  X-line  at  588.5  cm-1  due  to  the  CsOj  pair,  as  well  as 
the  fundamental  mode  at  589.1  cm-1  of  13CS  which 
occurs  with  a  natural  abundance  of  1.1%.  However,  its 
slight  shift  in  180-doped  material  is  enough  to  distin¬ 
guish  it,  allowing  us  to  correlate  this  with  other  bands  of 
the  CA  defect. 

There  are  some  hints  that  another  weak  band  at 
~  540  cm-1  is  associated  with  the  CA  complex  and 
labeled  540?  in  Fig.  2.  In  Si:160, 12C  this  band  is 
superimposed  on  bands  at  540.4  and  543.3  cm-1  due  to 
QCS  [13].  However,  it  undergoes  a  ~  1.5  cm-1  shift  in 
Si :  lsO,  12C  samples  suggesting  an  oxygen  defect.  More¬ 
over,  since  its  isochronal  annealing  behavior  is  essen¬ 
tially  the  same  as  that  of  the  other  CA; -related  lines,  we 
tentatively  identify  it  with  this  defect. 


3.  Theory  and  modeling 

We  used  an  ab  initio  total  energy  density  functional 
code  (AIMPRO),  with  64  Si-atom  supercells.  Details  are 
described  elsewhere  [14].  LVMs  were  calculated  by 
diagonalization  of  the  dynamical  matrix  obtained  from 
the  ab  initio  code.  Acceptor  and  donor  levels  are 
obtained  by  comparing  energy  differences  E(-)  -  E( 0) 
and  A0)  —  A+)  of  a  defect,  with  those  of  a  standard 
defect  with  well-known  acceptor  and  donor  levels  [15]. 
This  was  chosen  to  be  the  carbon-interstitial  defect  with 
acceptor  and  donor  levels  at  A  —  O.lOeV  and 
Ev  +  0.28  eV,  respectively.  The  stress-energy  tensor  B 
was  calculated  by  deforming  the  defective  supercell  with 
a  set  of  strain-tensors  compatible  with  the  symmetry  of 
the  defect,  and  solving  A E  —  B  ■  s  [13]. 


In  agreement  with  previous  calculations  [6],  we  find  a 
ground  state  structure  of  CA,  with  both  carbon  and 
oxygen  three-fold  coordinated,  forming  two  vertices  of  a 
ring  as  shown  in  Fig.  lb.  Its  1.7eV  binding  energy  is 
consistent  with  its  high  thermal  stability.  Calculation  of 
the  energy  levels  shows  that  a  deep  donor  level  lies  at 
Ev  +  0.36  eV  in  agreement  with  the  observed  DLTS  level 
at  Ev  +  0.38  eV  [5].  No  acceptor  or  second  donor  levels 
were  found.  A  Mulliken  bond  population  analysis  of  the 
highest  occupied  band  gives  25.4%  and  0.1%  of  spin 
density  localized  around  the  carbon  and  oxygen  atoms 
respectively.  The  first  is  in  agreement  with  the  28.6% 
spin  localization  on  carbon  measured  for  G15  [2].  Note 
that  in  spite  the  O-atom  being  over-coordinated,  no  gap 
level  with  overlap  on  oxygen  occurs.  Both  the  lone 
electron  pair  on  O,  and  the  donated  electron  pair  in  the 
SL-O  bonding  state,  resonate  the  valence  band. 

The  principal  directions  of  the  calculated  stress-energy 
tensor  are  shown  in  Fig.  lb.  The  Cih  symmetry  of  the 
defect  implies  that  one  principal  direction  (correspond¬ 
ing  to  the  B2  component)  lies  along  [1  0  I],  but  the  other 
directions  are  rotated  by  an  angle  6b  from  the  [0  1  0]  and 
[101]  axes.  For  the  positively  charged  defect,  the 
rotation  angle  is  calculated  to  be  0b  =  22°,  and  the 
principal  values  of  the  tensor  are  8.5,  2.3  and  -11.8eV 
for  Bi,  B2  and  B3,  respectively.  Stress  alignment 
experiments  give  8.6,  0.2  and  -8.8  eV  for  Bj,  B?  and 
B3,  and  6b  =  15°.  Hence  the  model  accounts  well  the 
observations. 

The  LVMs  for  the  neutral  defect  are  shown  in  Table 
1 .  Of  special  interest  is  the  unique  oxygen-related  mode 
lying  at  760  cm-1  —  well  below  the  asymmetric  stretch 
mode  for  interstitial  oxygen  at  1136cm-1.  This  is  a 
characteristic  of  the  weakened  bonds  of  over-coordi¬ 
nated  oxygen  relative  to  those  in  Si-O-Si.  The  oxygen 
mode  is  very  close  to  the  observed  band  at  742.8  cm-1. 
The  observed  and  calculated  18  O-shifts  are  also  very 
close,  lying  at  33.4  and  35.6cm-1  respectively.  Two 
carbon  related  modes  are  calculated  to  lie  at  1138  and 
876  cm-1,  close  to  the  observed  1116  and  865  cm-1 
bands.  Their  shifts  with  13C  demonstrate  that  they  are 
carbon  related  in  agreement  with  the  observations. 

The  four  remaining  low  frequency  modes  at  593,  556, 
545  and  544  cm-1  have  not  been  assigned  previously. 
They  arise  from  vibrations  of  Si  neighbors  to  the  defect 
core,  and  are  properly  described  only  when  energy 
second  derivatives  with  these  atoms  are  calculated 
directly  from  the  ab  initio  program.  These  support  the 
assignment  of  the  540  cm-1  band  to  CA  (see  Section  2). 

4.  Conclusions 

Absorption  bands  produced  by  the  CA  defect  have 
been  studied  in  detail.  FTIR  data  were  obtained  from  Si 
samples  doped  with  three  combinations  of  dominant 
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oxygen  and  carbon  isotopes,  including  for  the  first  time 
the  effect  of  lsO.  According  to  the  calculations,  we 
classify  the  LVMs  as  carbon-related  1 116  and  865  cm"1 
bands,  the  oxygen  742  cm"1  band,  and  the  four  low 
frequency  585,  550.  540.  529  cm"1  bands,  where  the  585 
and  540  cm”1  bands  have  not  been  reported  previously. 
Of  particular  interest  is  the  position  and  ,sO  isotopic 
shift  observed  for  the  742  cm"1  band  (33.4  cm"1),  much 
less  pronounced  than  that  of  Oj  (51.4  cm"1)  [12].  These 
appear  to  be  characteristic  of  oxygen  over-coordination. 
The  stress-energy  tensor  agrees  well  with  the  measure¬ 
ments,  further  supporting  the  ring  structure  found  for 
the  defect. 


Acknowledgements 

We  thank  TFR,  KVA  and  SI  in  Sweden  for  financial 
support.  We  also  acknowledge  support  from  EPSRC 
and  INTAS  under  grant  97-0824. 


References 

[1]  G.  Davies.  R.C.  Newman,  in:  T.S.  Moss.  S.  Mahajan 
(Eds.).  Handbook  on  Semiconductors.  Vol.  3b.  Elsevier 
Science,  Amsterdam.  1994,  p.  1557. 


[2]  J.M.  Trombetta,  G.D.  Watkins.  Appl.  Phys.  Lett.  51 
(1987)1103. 

[3]  A.V.  Yukhncvich.  V.D.  Tkachev,  M.V.  Bortnik.  Sov. 
Phys.  Solid  State  8  (1966)  1044. 

[4]  G.  Davies,  A.S.  Oates,  R.C.  Newman.  R.  Wooley.  E.C. 
Lightowlcrs,  MJ.  Binns.  J.G.  Wilkes.  J.  Phvs.  C  19  (1986) 
841. 

[5]  P.M.  Mooney,  L.J.  Cheng,  M.  Suli,  J.D.  Gcrson.  J.W'. 
Corbett.  Phys.  Rev.  B  15  (1977)  3836. 

[6]  R.  Jones,  S.  Oberg,  Phys.  Rev.  Lett.  68  (1992)  86. 

[7]  O.V.  Fcklisova.  N.A.  Yarykin.  Semicond.  Sci.  Technol.  12 
(1997)  742. 

[8]  O.  Fcklisova.  N.  Yarykin,  Eu.  Yakimov.  J.  Weber.  Phvsica 
B  273-274  (1999)  235. 

[9]  V.  P.  Markevich.  M.  Suczawa.  K.  Sumino.  L.I.  Murin, 
J.  Appl.  Phys.  76  (1994)  7347. 

[10]  J.  Coutinho,  R.  Jones.  P.R.  Briddon.  S.  Oberg.  L.I.  Murin, 
V.P.  Markevich.  J.L.  Lindstrom,  submited  for  publication. 

[11]  R.C.  Newman,  J.H.  Tucker,  N.G.  Semaltianos.  E.C. 
Lightowlcrs.  T.  Grcgorkiewicz,  I.S.  Zevenbergen.  C.A.J. 
Ammcrlaan.  Phys.  Rev.  B  54  (1996)  R6803. 

[12]  B.  Pajot,  E.  Artacho.  C.A.J.  Ammcrlaan.  J.-M.  Spaeth. 
J.  Phys.:  Condens.  Matter  7  (1995)  7077. 

[13]  E.V.  Lavrov,  L.  Hoffman.  B.  Bech  Nielsen.  Phys.  Rev.  B 
60  (1999)  8081. 

[14]  J.  Coutinho.  R.  Jones.  P.R.  Briddon.  S.  Oberg.  Phys.  Rev. 
B  62  (2000)  10824. 

[15]  A.  Resendc,  R.  Jones.  S.  Oberg.  P.R.  Briddon.  Phys.  Rev. 
Lett.  82  (1999)  2111. 


ELSEVIER 


Physica  B  308-310  (2001)  309-312 


w  w  w.el  sevier.com/locate/physb 


Expanded  model  for  anharmonic  vibrational  excitation 

of  oxygen  in  silicon 

H.  Yamada-Kaneta* 


Nano-electronic  Materials  Laboratories,  Fujitsu  Laboratories  Limited,  10-1  Morinosato-Wakamiya,  Atsugi  243-0197,  Japan 


Abstract 

To  consistently  describe  the  infrared  absorptions  by  the  oxygen  in  silicon  discovered  previously  (30-,  1100-,  1200-, 
and  1700-cm-1  bands)  and  recently  (600-  and  1800-cm-1  bands),  our  original  model  for  the  two-dimensional  low- 
energy  excitation  of  oxygen  coupled  to  the  A2u  local  mode  has  been  expanded  so  as  to  include  the  coupling  to  the  Aig 
local  mode.  In  addition  to  the  four  unknown  parameters  contained  in  our  original  model,  the  expanded  model  contains 
two  more  parameters:  the  AJg  mode  frequency  and  the  Aig-mode  coupling  constant-  Employing  the  set  of  appropriate 
basis  functions  of  sufficient  size,  we  calculated  the  Hamiltonian  matrix  and  then  diagonalized  it  numerically.  We  have 
found  the  parameter  values  that  well  reproduce  the  energy  levels  we  previously  determined  up  to  one-A2u-phonon  plus 
one-Ajg-phonon  states.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  62.72.Ji;  63.20.Pw;  78.30.Ly 

Keywords:  Oxygen;  Oxygen  impurities;  Silicon;  Infrared  absorption 


1.  Introduction 

In  spite  of  the  simple  structure,  the  bond-interstitial 
oxygen  in  silicon  (Si-O-Si  center)  causes  the  many 
infrared  absorption  lines  that  are  classified  into  the  30-, 
600-,  1100-  1200-,  1700-,  and  1800-cm"1  bands,  as 
summarized  in  Table  1  of  Ref.  [1].  Our  earlier  model  for 
the  impurity  excitation  of  the  Si-O-Si  center  took  into 
account  the  two-dimensional  (2D)  low-energy  anhar¬ 
monic  excitation  (LEAE)  of  the  oxygen  and  its  coupling 
to  the  A2u  local  mode  [2].  Hereafter,  we  refer  to  this 
excitation  as  the  A2u-mode-coupled  2D  LEAE.  Our 
calculation  described  the  energy  levels  (Fig.  4(a)  in 
Ref.  [2]  and  Fig.  2  in  Ref.  [3]1)  that  well  explain  the 
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1  It  should  be  noted  that  there  is  a  careless  mistake  in  Fig.  2  of 
Ref.  [3].  In  the  figure,  the  assignment  of  the  43.3-cm-1  line  and 
49-cm- 1  line  should  be  inverted:  the  former  and  the  latter  lines 
are  assigned  to  the  transitions  |0,  ±2)  -+|0,  +3)  and  |0,  ±1>-+ 
|1,  0>,  respectively. 


energies  of  the  lines  in  the  30-,  1100-,  and  1200-cm" 
bands.  We  pointed  out  that  the  1700-cmT1  band  could 
be  a  replica  of  the  1100-cm-1  band  caused  by  the 
interaction  between  the  A2u-mode-coupled  2D  LEAE 
and  the  hypothetical  Alg  local  mode  of  an  energy  of 
about  613  cm-1  [2].  Since  then,  existence  of  the  Alg  local 
mode  has  been  supported  by  many  theoretical  [4,5]  and 
experimental  [6,7]  investigations. 

Recent  discoveries  of  the  main  lines  in  the  600-  [6]  and 
1800-cm"1  bands  [7],  together  with  our  discovery  and 
detailed  investigation  of  the  line-structure  around  them 
[1],  were  very  important  for  us  to  uncover  the  overall 
energy-level  scheme  of  the  local-mode-coupled  2D 
LEAE:  Combining  the  experimental  findings  for  these 
new  lines  [1,6,7]  with  the  previously  determined  energy- 
level  scheme  [2,3]  of  the  A2u-mode-coupled  2D  LEAE, 
we  determined  the  relevant  part  of  the  total  energy  levels 
(eigenenergies)  up  to  nearly  1900  cm-1.  This  is  shown  in 
Fig.  1.  Hereafter  we  refer  to  these  total  energy  levels 
(eigenenergies)  as  the  experimentally  determined  ones. 
We  suggested  [1]  that  these  total  energy  levels  and  thus, 
the  observed  infrared  absorptions  could  be  described  by 
considering  that  the  2D  LEAE  is  coupled  not  only  to  the 
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Fig.  1.  Calculated  eigenenergics  of  the  two-dimensional  low- 
energy  anharmonic  excitation  of  the  oxygen  coupled  to  the  A2ll 
and  Ali:  local  modes.  These  calculated  (Caitd.)  eigenenergics 
given  on  the  rightmost  side  are  compared  with  the  previously 
obtained  [1]  experimental  (Exptl.)  values  of  the  eigenenergics 
which  are  given  by  each  energy  level.  Here,  the  “experimental 
values  of  the  eigenenergies'”  mean  the  eigenenergics  determined 
by  incorporating  the  values  of  the  measured  line-energies  with 
the  result  of  line  assignment  obtained  theoretically  and/or 
experimentally  [1.2].  The  previously  obtained  result  for  the  line 
assignment  is  also  shown.  The  lines  observed  in  each  absorption 
band  are  assigned  to  the  transitions  represented  by  the  arrows. 
The  values  given  by  the  arrows  are  the  measured  energies  of  the 
lines  assigned  to  the  indicated  transitions.  The  calculated 
eigenenergies  shown  here  are  those  obtained  for  the  adjusted 
parameter  values  of  the  Set  1  given  in  Table  I . 


A2u  local  mode  but  also  to  the  local  modes.  In  other 
words,  we  determined  the  total  energy  levels  up  to  the 
one-A2u-phonon  plus  one-A)i?-phonon  states 
(M  =  N  =  1  states)  [1],  Derivation  of  these  total  energy 
levels  (Fig.  1)  was  based  on  our  consideration  that  the 
600-cnT  1  band  is  due  to  the  transition  dipole  operators 
of  the  (a\  .^-symmetry;  namely,  the  (a\  r)-displacement 
of  the  oxygen.  Our  recent  experiment  of  the  stress- 
induced  dichroism  of  the  main  line  at  648.2cm  1  has 
uncovered  that  this  line  is  actually  due  to  the  transition 
dipoles  of  the  (a\  r)-symmetry  [8],  confirming  our  total 
energy-level  scheme. 


However,  these  total  energy  levels  we  obtained  are  not 
the  result  of  theoretical  treatment,  but  they  are 
experimentally  derived  one’s,  in  some  sense.  The 
purpose  of  this  work  is  to  demonstrate  that  the  total 
energy  levels  we  determined  up  to  one-A2u-phonon  plus 
one- A  ^-phonon  states  (Fig.  1)  can  be  described  actually 
by  adding  the  Aiu-mode  coupling  term  to  our  original 
model  Hamiltonian. 


2.  Hamiltonian  and  method  of  calculation 


In  the  mathematical  explanation  below,  we  adopt  the 
same  notations  and  follow  the  same  coordinate  axes  as 
introduced  in  our  original  paper  [2].  Our  original 
Hamiltonian  for  the  A2u-mode-coupled  2D  LEAE  is 
expressed  by  Eq.  (5)  in  Ref.  [2]: 

y{  =  hm  +  //(A:il)  +  (1) 


where  the  three  terms  on  the  right-hand  side  represent, 
respectively,  the  2D  LEAE  of  the  oxygen  around  the  r- 
axis,  the  A2u  local  mode,  and  the  coupling  between 
them.  Due  to  the  r-axial  symmetry  of  the  potential  for 
the  2D  LEAE,  the  angular  momentum  /  is  a  good 
quantum  number.  Approximating  by 

described  by  Eq.  (7)  in  Ref.  [2],  we  obtain  another  good 
quantum  number  N:  the  phonon  number  of  the  A2u 
local  mode.  Accordingly,  the  eigenstates  are  represented 
as  |A:,  N},  where  k  distinguishes  the  eigenstates  having 

the  same  {/,  N). 

We  next  introduce  the  interaction  between  the  A2u- 
mode-coupled  2D  LEAE  and  the  A|g  local  mode.  We 
first  examine  qualitatively  the  following  two  candidates 
for  the  interaction  terms  that  may  describe  the  absorp¬ 
tion  lines  in  the  600-,  1700-,  and  the  1800-cirT1  bands: 


=  </,v,r  £>a  f. 

^Alr>  =  l kqLq a„. 


(2) 

(3) 


We  proposed  [2]  that  the  interaction  term  (3)  actually 
reproduces  one-A| ,,-phonon  replica  of  the  energy  levels 
of  one-A2u-phonon  states  which  are  lying  in  the  range 
1136-1246cm  '.  We  speculated  that  this  is  how  the 
1700-cm  1  band  appears.  However,  we  recently  found 
that,  if  we  apply  the  first  order  perturbation  theory  to 
the  interaction  (3),  the  oscillator  strengths  calculated  by 
using  the  perturbed  eigenfunctions  vanish  for  the  lines  in 
the  600-cm'  1  band,  contradicting  the  experiment.  Thus, 
here  we  introduce  the  interaction  term  (2).  As  the  first 
step  of  expanding  our  earlier  model,  we  employ  here  the 
interaction  term  (2)  only.  We  thus  start  with  the 
following  total  Hamiltonian  H\ 

H  =  H[0)  +  HfA-"]  +  +  HlA^  +  W'"A^,  (4) 

where  //CA|*’>  =  ho)A^b‘t^  b,\lf  represents  the  A!y  local 
mode.  The  total  Hamiltonian  H  is  still  axially 
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symmetric,  and  commutative  with  the  A2u  phonon 
number  operator  bA^  bA^r  Thus  the  eigenstates  of  H 
can  still  be  specified  by  the  good  quantum  numbers  Y 
and  N .  However,  the  phonon  number  M(=  0, 1,2,  ...)  of 
the  Alc  local  mode  is  no  longer  a  good  quantum  number 
of  H ,  because  of  the  presence  of  the  interaction  term 
JVA[*  that  is  not  commutative  with  the  A!g  phonon 
number  operator.  So  far,  we  often  adopted  the  Ajg 
phonon  number  M  to  specify  the  eigenstates  of  the  total 
coupled  system  [1],  namely,  \k,  d,  N,M).  Here  we  see 
that  we  can  just  regard  M  as  an  approximate  good 
quantum  number,  only  when  the  Alg-mode  interaction 
is  weak  enough.  The  present  Hamiltonian  (4)  contains 
six  unknown  parameters:  the  coefficients  a  and  P  of  the 
quartic  potential  for  the  2D  LEAE,  the  A2u  mode 
frequency  co a,c,  the  A2u  mode  coupling  constant  gA^u, 
the  Alg  mode  frequency  coa,2,  and  the  A]g  mode 
coupling  constant  gAy e . 

We  represent  the  total  Hamiltonian  in  the  matrix 
form  by  using  the  following  basis  functions: 

\k, e, N,  AO)  EE  [1/(27 cp)\N) \M),  (5) 

where  the  part  of  the  arguments  (r,  (p )  on  the  right-hand 
side  is  the  eigenfunction  of  a  2D  harmonic  oscillator  of 
an  appropriate  excitation  energy.  The  | N}  and  | M)  are 
the  Nth  and  Mth  eigenfunctions  of  the  A2u  and  Alg  local 
modes,  respectively.  The  analytical  expressions  for  the 
matrix  elements 

((k,  Y,  N,  M\H\k\  N\  M’))  (6) 

can  be  easily  derived  by  the  similar  method  as  in  the 
original  paper  [2].  Since  the  matrix  of  H  is  sub-diagonal 
with  respect  to  d  and  A,  we  only  have  to  diagonalize 
each  submatrix  specified  by  (Y,  N).  We  employed  40-50 
basis  functions  for  the  harmonic  oscillator  part  (i.e.,  the 
maximum  number  of  k  of  the  employed  basis  functions 
is  40-50),  and  8-12  basis  functions  for  the  part  of  the 
Alg  local  mode.  Thus  the  size  of  the  submatrix  for  each 
(Y,  N)  was  nearly  320-600  dimensional.  We  numerically 
diagonalized  these  submatrices,  and  ascertained  that  the 
obtained  relevant  eigenvalues  converged  to  their  6-7th 
significant  figures. 


3.  Result  of  calculation 

We  adjusted  the  parameters  (a,  /?,  coa2u>  9\^u>  &>Aig, 
gAlJ  so  that  the  calculated  eigenenergies  would  well  fit 
with  those  obtained  experimentally  [1]  which  are  given 
by  each  energy  level  in  Fig.  1.  The  eigenenergies 
calculated  for  the  adjusted  parameter  values  of  Set  1 
(Table  1)  are  given  on  the  rightmost  side  of  Fig  1.  We 
see  that  the  calculation  has  well  reproduced  the 
experimentally  determined  eigenenergies  written  by  each 
energy  level.  As  a  quantity  to  indicate  how  the 
calculated  eigenenergies  are  close  to  the  experimentally 


Table  1 

Similar  values  of  mean  square  deviation  a  evaluated  for 
different  sets  of  the  adjusted  parameter  values 


Model  parameters  and 
mean  square  deviation  a 

Set  1 

Set  2 

Set  3 

Set  4 

a  (meV/A2) 

-13.129 

-13.563 

-13.249 

-13.118 

P  (meV/A4) 

236.84 

264.72 

243.96 

236.02 

h(oA2u  (meV) 

142.87 

142.89 

142.85 

142.87 

hgAjJcoA2u  (meV/A2) 

-26.770 

-26.957 

-26.626 

-26.798 

hcoA]a(  meV) 

76.427 

76.382 

76.414 

76.428 

gAJh/2coA]J1/2 

-12.028 

-46.522 

-26.325 

-9.161 

(meV/A2) 

<7  (cm-1) 

1.61 

1.62 

1.61 

1.61 

determined  ones,  we  introduce  the  following  mean 
square  deviation  o\ 


i=i 


1/2 


£.(exptl)^2 


(7) 


where  isfalc)  and  E’}exptI)  are  the  ith  calculated  and  the 
experimentally  determined  eigenenergies,  respectively. 
In  Table  1,  we  also  presented  the  values  of  cr.  For  the 
parameter  values  of  the  Set  1,  we  obtained 
<7  =  1.61  cm-1,  which  means  that  the  calculated  eigen- 
energy  deviates  by  1.61  cm-1  on  average,  from  the 
corresponding  experimental  value.  In  spite  of  our  use  of 
only  the  simplest  (lowest  order)  interaction  term  (2) 
only,  agreement  between  the  calculated  and  the  experi¬ 
mentally  determined  eigenenergies  is  fairly  good.  We 
have  actually  seen  that  the  expanded  model  Hamilto¬ 
nian  (4)  well  reproduces  the  eigenenergies  previously 
determined  up  to  one-A2u-phonon  plus  one-AIg-phonon 
states,  i.e.,  the  states  of  M  —  N  =  1. 


4.  Discussion 

As  seen  from  Table  1,  for  the  other  sets  of  the 
parameter  values,  Sets  2-4,  the  calculation  reproduces 
the  previously  determined  (experimentally  determined) 
total  energy  levels,  with  similar  small  value  of 
<t(=  1.61cm”1).  We  see  that,  the  obtained  (adjusted) 
values  of  the  parameters  a,  coAlu ,  gA,u>  and  coAlc  are 
nearly  the  same  for  all  sets.  The  value  of  ft  and  gAu  vary, 
with  the  value  of  o  kept  unchanged.  We  further  see  that 
for  the  larger  gA^  we  have  the  larger  value  of  ft.  This 
suggests,  that  the  strong  Aig-mode  coupling  reduces  the 
effect  of  p.  In  other  words,  in  the  case  of  strong  Alg- 
mode  coupling,  the  effective  values  of  p  is  reduced  from 
the  obtained  one  shown  in  Table  1.  This  can  be  actually 
shown  by  the  method  of  adiabatic  approximation  for  the 
Alg-mode  coupling  (2).  The  coupling  is  renormalized 
into  the  coefficient  p  of  the  fourth  order  term  of  the  2D 
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LEAE  potential,  to  give  an  effective  p  that  is  smaller 
than  the  original  one. 

As  pointed  out  above,  the  different  parameter 
values  equally  well  reproduce  the  experimentally 
determined  total  energy  levels.  The  best  way  of 
obtaining  (fixing)  the  true  parameter  values  would 
be  to  examine  whether  or  not  the  calculated  intensity 
ratio  of  the  main  lines  belonging  to  the  different 
bands  agrees  with  the  corresponding  experimental 
value:  for  example,  the  ratio  of  the  intensity  of  the 
648.2-cm”1  line  to  that  of  the  29.25-cm  1  line.  The 
parameter  values  that  reproduce  the  total  energy 
levels  and  the  line-intensity  ratio  at  the  same  time  would 
be  the  reliable  ones.  This  kind  of  test  calculation  for  the 
true  parameter  values  is  the  next  problem  to  be  dealt 
with. 

In  conclusion,  we  have  demonstrated  theoretically 
that,  by  adding  the  A^-mode  coupling  to  our  original 
model  Hamiltonian,  we  can  reproduce  the  energy  levels 
up  to  one-A2ll-phonon  plus  one-A  ^-phonon  states.  In 
order  to  uniquely  determine  the  parameter  values,  we 


have  to  examine  the  line-intensity  ratio  calculated  for 
the  parameter  values  that  well  describe  the  total  energy 
levels. 
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Abstract 

It  is  known  that  the  application  of  high  hydrostatic  pressure  on  Si  during  heat  treatment  produces  substantial 
changes  in  the  properties  of  oxygen  precipitates,  which  in  turn,  affect  the  behavior  of  various  defects  present  in  the 
crystal  lattice.  In  this  work,  the  annealing  behavior  of  the  VO  complexes  in  Si  samples  subjected,  before  neutron 
irradiation,  to  different  High  Temperature-High  Pressure  (HT-HP)  treatments  at  temperatures  around  900°C  and 
pressures  up  to  12kbar,  for  t  =  5h,  was  investigated  using  Infrared  spectroscopy.  We  found  that  (i)  the  samples  pre¬ 
treated  at  T\  =  870°C  and  Tj  =  957°C,  at  atmospheric  pressure  and  (ii)  the  samples  pre-treated  at  Pi  =  1  bar  and 
P2  =  12kbar,  at  T\  =  870°C,  exhibit  approximately  the  same  difference  in  the  annealing  temperature  of  the  VO 
complexes.  The  observed  effect  is  explained  by  taking  into  account  the  impact  of  the  HT-HP  pre-treatment  on  the 
fraction  of  the  self-interstitials  bound  at  the  SiO  V/Si  interface  of  the  oxygen  precipitates  and  the  Si  matrix.  We  argue 
that  the  two  regimes  of  pre-treatments  (i)  and  (ii),  see  above,  produce  the  similar  effects  upon  self-interstitial 
aggregation  processes  in  the  presence  of  oxygen  precipitates.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Irradiation;  High-pressure  anneals 


1.  Introduction 

High  temperature  (HT)  treatment  at  T  >  400°C  of 
silicon  crystals  leads  to  the  appearance  [1]  of  structural 
defects  such  as  various  kinds  of  oxygen  aggregates  and 
precipitates,  rod-like  defects,  dislocations,  stacking 
faults  and  so  on.  These  defects,  in  general,  affect  the 
properties  and  the  behavior  of  the  radiation-induced 
defects.  It  has  been  found  [2],  for  instance,  that  the 
annealing  temperature  of  the  VO  defects  is  considerably 
changed  by  variations  in  the  duration  of  pre-heat 
treatment  at  T  —  600°C  and/or  the  initial  oxygen 
concentration  of  the  Czochralski  silicon  (Cz-Si).  It  was 
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suggested  [2]  that  the  annealing  of  the  VO  defects  takes 
place  through  the  capture  of  Si  self-interstitials  (Sii’s) 
released  from  the  SiOA-/Si  interface  of  the  Si  matrix  and 
the  oxygen  precipitates  being  formed  after  the  600°C 
pre-heat  treatment.  The  Sq’s  generated  [3,4]  during  the 
precipitation  process  tend  to  aggregate  [5].  They 
generally  form  extended  structural  defects  such  as 
stacking  faults.  Reasonably,  it  is  expected  that  the 
annealing  process  of  the  A-centers  would  be  affected  by 
the  state  and  the  ability  of  these  Sq’s  to  be  released  from 
the  aggregates. 

In  order  to  understand  the  phenomenon,  it  is 
necessary  to  consider  the  effects  on  the  Sij’s  due  to  the 
different  kinds  of  oxygen  aggregates  and  structural 
defects  formed  during  pre-HT  treatments  at  different 
temperatures.  As  a  result  of  the  HT  treatment  and  the 
consequent  formation  of  precipitates  and  structural 
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defects,  stress  fields  are  locally  created  [6]  around  the 
precipitates  and  the  extended  defects.  These  elastic  fields 
are  anisotropic  in  general  and  attract  the  emitted  Sifs. 
Concerning  now,  the  annealing  of  the  VO  defects,  the 
relation  of  the  self-interstitial  aggregates  with  the 
precipitates  and  the  structural  defects  play  a  very 
important  role,  according  to  our  opinion.  The  grade  of 
binding  of  the  self-interstitial  aggregates  is  very  signifi¬ 
cant.  since  it  is  expected  to  be  different  for  different 
dominating  precipitates  and,  therefore,  for  different 
temperatures  of  the  HT  treatments.  Evidently,  the  Sifs, 
loosely  bound  at  the  interface  are  responsible  for  the 
dependence  of  the  annealing  behavior  of  the  A-centers 
on  the  temperature  of  the  pre-heat  treatment.  We  assume 
that  the  binding  force  on  the  Sifs  changes  with 
increasing  temperature,  due  to  changes  in  the  oxygen 
precipitates,  i.e.  their  density,  their  shape  and/or  their 
size  upon  pre-heating.  More  specifically,  we  assume  that 
pre-heating  at  two  temperatures  T\  and  7%  with  7?  >  T\, 
results  in  a  situation  that  the  Sifs  are  more  tightly  bound 
at  the  interface  in  the  latter  temperature.  TV  In  other 
words,  the  Sij’s  are  more  effectively  released  during  the 
course  of  the  isochronal  anneal  in  a  material  subjected  to 
the  lower  temperature  T\  of  pre-heat  treatment. 

On  the  other  hand,  the  application  of  enhanced 
hydrostatic  pressure  during  heat  treatment  has  been 
found  [7]  to  affect  a  lot  of  the  features  of  the  structural 
defects  and  the  oxygen  aggregates  as,  for  example,  the 
concentration  of  the  dislocations,  the  density  and  the 
size  of  the  precipitates  and  concentrations  of  the 
remaining  oxygen  interstitials,  etc.  Thus,  pressure  is 
another  important  parameter,  which  is  expected  to  affect 
the  behavior  of  the  radiation  defects,  since  every  HT- 
HP  pre-treatment  establishes  a  different  relation  be¬ 
tween  the  self-interstitial  aggregates  and  the  precipitates. 

The  purpose  of  this  work  was  to  investigate  the 
annealing  behavior  of  the  VO  defects  and  monitor  the 
changes  in  the  annealing  temperature  in  dependence  on 
the  conditions  of  a  HT-HP  pre-treatment.  We  shall 
show  that  by  considering  that  the  binding  of  the  Sifs  at 
the  Si0.v/Si  interface  depends  on  the  HT-HP  pre¬ 
treatment.  we  can  explain  the  obtained  experimental 
results  of  this  study. 


2.  Experimental  details 

Five  Cz-grown  silicon  samples  with  nearly  the  same 
initial  oxygen  concentrations  (Oj  =  8.3  x  10n  cm"3), 
were  subjected  to  different  combinations  of  HT-HP 
pre-treatments,  for  the  same  time,  /  =  5h;  see  Table  1. 
Then,  the  samples  were  irradiated  by  fast  neutrons  at 
7^50'C.  The  fluence  was  about  10!'n/cnr.  After¬ 
wards,  15  min  isochronal  anneals  were  performed  in 
steps  of  ~  10'C.  After  each  annealing  step,  we  employed 
IR  measurements  to  monitor  the  annealing  behavior  of 
the  828  cm'  1  LVM  band  of  the  VO  defect. 


3.  Experimental  results  and  discussion 

In  Table  1,  the  annealing  temperature  (rann)  of  the 
VO  defects  is  indicated,  for  each  sample.  As  seen,  the 
beginning  of  the  annealing  process,  i.e.  7'ann,  was 
found  to  be  different  for  the  different  pre-HT-HP 
treatment  regimes.  It  is  well  known  that  among  a 
number  [8]  of  available  reaction  paths,  two  reactions 
are  the  most  important  when  the  A-centers  become 
mobile:  VO  +  Oj-^VOi,  VO +  Sfi -*■(),.  These  two 
reactions  run  in  parallel,  at  least  in  the  temperature 
range  where  the  VO  centers  disappear  and  the  VO2 
defects  are  formed.  The  emergence  of  the  VOn  defect 
in  the  IR  spectra  is  related  to  the  first  reaction.  An 
increase  in  the  [Oj]  concentration  observed  during 
the  VO  decay  verifies  [9]  that  the  second  reaction  takes 
place  as  well. 

Let  us  now  compare  the  behavior  of  the  samples  Si 
and  So,  which  were  annealed  at  temperatures  of 
7j  =  87(T'C  and  7%  =  957' C,  at  atmospheric  pressure. 
In  these  cases,  the  annealing  temperatures  of  the  VO 
defects  are  T\  ann  =  270X3  and  7Vmn  =  292'C.  respec¬ 
tively  ( 7%  antl  >  T’  1  iinn)*  First  of  all,  we  see  that  the 
annealing  temperature  is  lower  in  both  cases  than  the 
normal  annealing  temperature  of  the  VO  defects  (about 
30(TC)  [10]  in  silicon  samples  without  any  pre-heat 
treatment,  a  phenomenon  being  well  known  and 
discussed  in  the  literature  [2,6].  If  the  first  reaction 
V0  +  0j->-V02  is  dominating  in  the  annealing  process. 


Table  1 


The  annealing  temperature  Ttmn  of  the  VO  defect  for  the  various  prc-HT-HP  treated  samples 


Samples 

T 

(C) 

P 

(kbar) 

t 

(H) 

Taan  of  the  VO 
(  C) 

Comparison  of  T:xm 
(  C) 

s, 

870 

10  ■ 

5 

270  +  4 

Ari:ann  =  +22 

S2 

957 

10  1 

5 

292  +  2 

ATf;  ann  =  +15 

s, 

870 

12 

5 

285  +  3 

A  7+4  ann  =  +2 

S4 

957 

12 

5 

290  +  3 

A7?4  ann  =  +5 

900 

12 

5 

284  +  4 

A  7~i  5  ann  —  +14 
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then,  one  could  expect  that  a  larger  increase  in  the 
oxygen  diffusivity  (and  that  of  A-centers  as  well)  in  the 
case  of  pre-heat  treatment  at  the  higher  temperature, 
would  lead  to  a  faster  reaction  between  VO  and  Oj, 
resulting  in  a  lower  annealing  temperature  of  the  A- 
centers  in  the  sample  S2  than  in  the  sample  S].  This 
expectation  is  opposite  to  what  is  observed  (see  Table  1). 
Therefore,  the  first  reaction  cannot  provide  a  plausible 
explanation  of  the  experimental  data.  Other  factors 
should  be  taken  into  account,  as  well.  If  however,  the 
second  reaction  VO  +  Sir->Oj  is  the  prevailing  one,  then 
one  should  consider  the  sources  of  the  Sifs.  These 
sources  are  oxygen  aggregates  and  precipitates,  which  as 
we  mentioned  in  the  introduction,  produce  different 
strains  in  the  lattice  due  to  differences  in  their  forms,  as  a 
result  of  the  different  pre-heat  treatments. 

Let  us  consider  the  sample  Si  subjected  to  a  heat 
treatment  at  the  lower  temperature,  T\  =  870°C.  SiT’s,  if 
loosely  bound  to  oxygen  aggregates  can  be  emitted  and 
interacted  with  A-centers,  (no  matter  whether  A-centers 
are  coming  towards  the  precipitates  or  Sifs  are  emitted 
from  the  precipitates),  as  the  temperature  increases 
during  the  isochronal  annealing  sequence.  This  leads  to 
a  lower  conversion  temperature  of  the  VO  into  the  V02, 
T\  ann  =  270°C.  However,  in  the  case  of  the  sample  S2 
subjected  to  a  higher  temperature  of  heat  treatment, 
Ti  —  957°C,  the  dominating  oxygen  precipitates  are 
different  and,  therefore,  the  binding  of  the  Sifs  is  also 
different,  compared  to  the  sample  Sj.  We  assume  that 
the  Sij’s  are  more  tightly  bound  in  this  case.  This  means 
that  it  is  more  difficult  to  be  emitted  from  the 
precipitates  or  in  other  words,  the  reaction  VO  +  Sii-> 
Oi5  is  now  more  difficult  to  realise.  Alternatively,  a 
higher  temperature  should  be  achieved  in  sample  S2  in 
order  that  the  reaction  VO  +  Sij-^Oj  becomes  signifi¬ 
cant.  Notice  now  that  this  reaction  results  in  the  decay 
of  A-centers,  i.e.  the  concentration  of  A-centers  is 
lowered  and  from  reaction  kinetics  arguments,  it  is 
expected  that  the  lower  the  concentration  of  A-centers, 
the  higher  the  temperature  of  their  conversion  into  the 
VO 9  complexes.  Indeed,  this  was  found  experimentally 
(T2  ann  =  292°C). 

We  shall  now  extend  our  model  involving  also  the 
application  of  uniform  stress  during  the  pre-heat 
treatment  process.  Within  the  line  of  our  argumentation, 
we  suggest  that  an  increase  of  stress  (from  1  bar  to 
12kbars)  at  a  certain  low  temperature  (870°C  here) 
produces  equivalent  effect  on  the  annealing  temperature 
of  the  VO  defects  with  an  increase  of  the  temperature 
(from  870°C  to  957°C)  at  certain  low  stress  (1  bar  here). 
In  other  words,  the  increase  of  stress  at  low  temperature 
(T  =  870°C)  contributes  to  a  change  in  the  kind  of  the 
dominating  precipitates  (and  the  consequent  binding  of 
the  Sifs  at  the  interface),  which  is  equivalent  to  the 
increase  of  temperature  at  low  stress  (P  =  1  bar).  Thus, 
comparing  the  samples  Sj  and  S3  (see  Table  1),  we 


actually  see  an  increase  of  rann  (ArI3ann  =  15°C)  which 
is  comparable  to  the  increase  of  Tann  in  the  case  of  the 
samples  Si  and  S2  (AT^ann  =  22°C). 

Two  additional  observations  should  be  reported: 

(i)  Annealing  of  the  samples  at  high  T  (957°C  here) 
should  have  practically  no  effect  in  the  annealing 
temperature  Tann  5  irrespectively,  of  a  low  (P  —  1  bar) 
or  a  high  (P  =  12kbars)  pressure  applied  during  the 
anneal,  since  at  high  T  (957°C),  the  precipitates  have 
attained  their  final  form  and  the  application  of  pressure 
has  no  further  effect  on  the  binding  of  the  Sij’s  at  the 
interface.  Actually,  this  is  the  case  concerning  the 
samples  S2  and  S4,  for  which  the  annealing  temperatures 
of  the  VO  defects  are  practically  the  same;  cf. 
T2  ann  =  292°C  and  r4ann  =  290°C  (Table  1). 

(ii)  On  the  other  hand,  if  high  stress  (12kbars  here)  is 
applied,  the  annealing  temperature  should  not  depend 
on  the  temperature  of  the  pre-treatment  (a  low  one 
T\  =  870°C  and  a  high  one  T2  —  957°C  here)  since  the 
oxygen  precipitates  have  attained  the  final  form  due  to 
the  increase  of  pressure  and  that  which  is  not  affected  by 
the  increase  of  the  temperature  of  the  heat  treatment. 
Actually,  this  is  the  case  concerning  the  samples  S3  and 
S4  which  exhibit  approximately  equal  annealing  tem¬ 
peratures,  i.e.  P3  ann  =  285°C,  T4  ann  =  290°C. 

(iii)  It  is  worth  also  noting  that  the  sample  S5,  which 
has  been  subjected  to  a  HT-HP  treatment  at 
P=12kbars  but  at  an  intermediate  temperature 
73  =  900°C  (T\  <  J3<T2),  shows  an  intermediate  in¬ 
crease  of  Arannwl40C,  as  one  would  expect  from  our 
model. 


4.  Conclusions 

We  have  studied  the  annealing  behavior  of  Cz-grown 
Si  samples  subjected  to  different  HT-HP  treatments 
prior  to  neutron  irradiation.  We  have  found  that  these 
treatments  affect  the  annealing  temperature  of  the  VO 
center.  More  specifically,  it  has  been  found  that  (i)  pre¬ 
treatments  on  two  samples  at  temperatures  T\  =  870°C 
and  T2  =  957°C,  respectively,  at  P  =  1  bar,  cause  the 
same  change  in  the  annealing  temperature  of  the  VO 
defects  as  (ii)  pre-treatments  on  two  samples  at  pressures 
Pi  =  1  bar  and  P?  =  12kbars,  respectively,  at  the  low 
temperature  T\  =  870°C.  We  have  explained  the  results 
by  considering  the  effects  of  the  HT-HP  treatment  on 
the  grade  of  binding  of  the  Sifs  at  the  SiO  V/Si  interface. 
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Abstract 

Pronounced  oxygen  segregation  in  helium-implanted  Czochralski  silicon,  Cz-Si:He,  treated  at  1 000-1400  K  under 
atmospheric  or  enhanced,  up  to  1.2  x  109Pa,  hydrostatic  pressure,  HP,  is  observed.  Annealing  of  hydrogen-implanted 
Cz-Si :  H  at  720-920  K-105Pa  also  results  in  the  oxygen  accumulation  in  the  damaged  volume  while  no  accumulation  is 
detected  at  ^lGPa  and  at  ^1230K.  The  HP  effect  on  transformation  of  post-implantation  defects  and  on  oxygen 
diffusivity  can  be  responsible  for  oxygen  accumulation  in  Cz-Si :  (He,  H).  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Si :  He;  Si :  H;  Hydrostatic  pressure;  Oxygen  accumulation 


1.  Introduction 

Defect  formation  in  silicon  implanted  with  helium 
(inert  dopant)  or  hydrogen  (creating  a  weak  H-Si  bond) 
has  become,  in  last  years,  a  topic  of  considerable 
interest,  both  for  practical  reasons  (gettering  of  con¬ 
taminants  and  “smart  cut”  process)  and  for  the  extra¬ 
ordinary  gas  pressures  attained  in  He/H-filled  clusters 
and  bubbles  created  upon  annealing  [1,2]. 

Enhanced  hydrostatic  pressure  (HP)  of  inert  gas  (Ar) 
at  annealing  (HT-HP  treatment)  of  He-  and  H- 
implanted  silicon  affects  strongly  its  structure  [3,4]. 
The  effect  of  stress  induced  by  enhanced  Ar  pressure  on 
accumulation  (gettering)  of  oxygen  in  He-  and  H- 
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implanted  Czochralski  silicon  (Cz-Si)  is  the  main  subject 
of  the  present  work. 


2.  Experimental 

Cz-Si  wafers  (of  00  1  orientation),  with  concentration 
of  interstitial  oxygen,  c0,  up  to  1  x  1018cm-3,  were 
implanted  with  helium  (Cz-Si :  He,  He +  doses, 
D  =  5  x  1015 — 3  x  1017cm-2,  energy  ^300keV,  He+ 
projected  range,  Rp^1.35pm)  or  hydrogen  (Cz-Si :  H, 
H^  dose  4  x  1016cm-2,  energy  130  keV,  Rp  =  0.5  pm). 

Cz-Si :  He  and  Cz-Si :  H  were  treated  under  Ar 
pressure  up  to  1.2  GPa  at  temperature  up  to  1400  K 
for  up  to  10  h.  The  defect  structure  of  the  samples  was 
investigated  by  transmission  electron  microscopy 
(TEM),  X-ray  reciprocal  space  mapping  (XRRSM) 
and  synchrotron  topography  done  at  HASYLAB, 
Hamburg.  Oxygen  and  hydrogen  depth  profiles  in  the 
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annealed/treated  samples  were  determined  by  secondary 
ion  mass  spectrometry  (SIMS). 


3.  Results  and  discussion 

The  He  implantation  into  Si  results  in  creation  of 
disturbed  He-containing  zone  near  R?.  The  kind  and 
concentration  of  defects  (mostly  He-filled  clusters  and 
bubbles)  are  dependent  on  He  dose  and  energy, 
substrate  temperature  (in  our  case  050  K)  as  well  as 
on  the  conditions  of  subsequent  annealing/HT-HP 
treatment.  During  the  annealing  He  atoms  escape  the 
Si  matrix;  this  He  removal  is  increasing  with  tempera¬ 
ture  [4]. 

TEM  image  of  Cz-Si:He  sample  treated  at  870  K  is 
presented  in  Fig.  1.  Annealing  of  such  samples  at 
1270K-105Pa  for  lh  results  in  creation  of  bubbles 
while  only  dislocations  were  detected  in  Cz-Si :  He 
(c0  =  1  x  10,scm  \  D  =  5  x  10,6cm  \  150keV,  Rp  = 
0.88pm)  treated  at  1270 K-l .15 GPa  for  1  h.  As  it 
follows  from  XRRSM.  enhanced  HP  results  in  de¬ 
creased  intensity  of  X-ray  diffuse  scattering,  an  evidence 
of  a  better  structural  perfection  of  HT-HP  treated  Cz- 
Si:  He  as  compared  to  that  annealed  at  lO^Pa. 

No  oxygen  accumulation  at  implantation-damaged 
zone  was  detected  for  Cz-Si :  He  (£>  =  5  x  10,6cm  “) 


Fig.  1.  TEM  image  of  Cz-Si :  He  sample  (r<,  =  1  x  10,scm  \ 
D  =  5  x  1  O' 5 cm  2.  300 keV.  Rp  =  1.35pm)  treated  at  870 K- 
1.1  GPa  for  iOh. 


annealed  below  1000  K  at  10^  Pa.  The  treatment  under 
1.1-1 .2  GPa  at  870-1000  K  for  10  h  results  in  the  SIMS- 
detectable  oxygen  accumulation  at  damaged  areas.  Both 
the  annealing  and  HT-HP  treatment  at  1270-1400  K 
results  in  the  accumulation  (Fig.  2). 

Hydrogen  implantation  into  Si  also  leads  to  creation 
of  disturbed  H-containing  region.  The  generated  H-filled 
clusters/bubbles  are  dependent  on  H  dose  and  energy, 
temperature  ( T ^470K)  as  well  as  on  conditions  of  the 
annealing.  During  the  annealing/HT-HP  treatment  H 
atoms  outdiffuse  from  the  Si  matrix,  the  H  loss  being 
substantially  suppressed  under  HP  [3]. 

TEM  image  of  the  Cz-Si :  H  sample  treated  at  920  K- 
1.2  GPa  is  presented  in  Fig.  3.  Two  different  disturbed 
areas  were  detected.  The  first  one  at  a  depth  of  0.45- 
0.55  pm,  corresponding  to  Rv  of  the  main  implanted 
species,  H2  ,  contains  small  bubbles  and  dislocations; 
the  second  one  at  the  0.8-1. 0  pm  depth  originated  from 
single  H  !  ions  present  in  the  implanting  beam  and 
exhibits  comparatively  large  bubbles.  The  prolonged 
annealing/treatment  at  temperatures  up  to  1400K 
resulted  in  complete  removal  of  hydrogen:  however, 
numerous  dislocations  were  still  detected  in  Cz-Si 
treated  at  1320 K-l. 2 GPa  for  /  =  0.5 h. 

As  it  can  be  deduced  from  XRRSM  [3.4]  and 
synchrotron  topographs,  the  intensity  of  X-ray  diffuse 
scattering  is  lower  and  overall  structural  perfection  is 
better  in  the  case  of  the  HT-HP  treated  Cz-Si :  H 
samples,  as  compared  to  that  annealed  at  105Pa. 

The  as-implanted  Cz-Si :  H  sample  (c0  =  8x 
10l7cm  v)  indicated  no  oxygen  accumulation  near  Rp: 
annealing  of  that  sample  at  720K-10?  for  0.5  h  resulted 


Depth  (nm) 

Fig.  2.  SIMS  depth  profiles  of  oxygen  in  Cz-Si :  He  sam¬ 
ples  (<■„=  1  x  10,s  cm  \  D  =  5x  10"’ cm  2,  150 keV.  Rp  = 
0.88  pm)  annealed/treated  at  1270K  for  1  h. 
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Fig.  3.  TEM  image  of  Cz-Si:H  sample  (c0  =  8  x  1017cm  3, 
D  =  4  x  1016cm~2,  130 keV,  Rp  =  0.5pm)  treated  at  920  K- 
1.2  GPa  for  0.5  h. 

in  a  marked  oxygen  gettering  by  defects  in  the 
implantation-damaged  layer  (Fig.  4)  and  in  hydrogen 
loss.  The  Cz-Si :  H  samples  treated  at  (720-920)  K-(  1.1- 
1 .2)  GPa  for  up  to  1  h  do  not  indicate  the  oxygen 
accumulation  (Fig.  5).  Some  traces  of  that  accumulation 
were  detected  in  Cz-Si :  H  treated  at  920/1070 K-l.l  GPa 
for  ^  1  h,  while  no  accumulation  was  detected  for  the 
samples  annealed  at  1320K-105Pa  or  treated  at  (1230— 
1 370)  K-(l-l  .2)  GPa. 

The  major  differences,  in  respect  of  oxygen  accumula¬ 
tion  in  Cz-Si :  He  vs.  Cz-Si :  H  can  be  outlined  as  follows: 

(a)  Oxygen  accumulation  was  detected  only  in  Cz- 
Si  :  He  annealed  at  >  1000  K-105  Pa;  HP  resulted  in 
more  pronounced  gettering  of  oxygen.  It  is  contrary 
to  the  case  of  Cz-Si :  H  where  oxygen  accumulation 
was  detected  upon  annealing  at  720-870  K-105  Pa. 

(b)  High  HP  in  Cz-Si :  H  treated  at  720-870  K  and  at 
higher  temperatures  prohibited  oxygen  accumula¬ 
tion  in  damaged  areas. 

Effect  of  oxygen  accumulation  in  implantation 
damaged  and  in  the  near-surface  areas  of  Cz-Si :  He,  H 
is  related  to  oxygen  gettering  on  defects.  Probably  it 


Fig.  4.  Depth  profiles  of  hydrogen  and  oxygen  in  Cz-Si :  H 
samples,  as-implanted  and  annealed  at  720  K-105  Pa  for  0.5  h. 


Fig.  5.  Depth  profiles  of  hydrogen  and  oxygen  in  Cz-Si :  H 
samples,  annealed/treated  at  920  K-105  Pa  and  920K-1.2GPa 
for  0.5  h. 


occurs  mostly  at  the  surface  of  initially  He-  or  H-filled 
clusters  and  bubbles.  Under  HT-HP,  more  numerous 
but  smaller  size  clusters  are  formed.  The  gettering 
activity  is  increasing  with  HP. 

Most  probably,  the  oxygen  accumulation  in  the  Cz- 
Si  :H  samples  subjected  to  short-time  anneals  at  720- 
870  K-105  Pa  originates  from  increased  diffusivity  of 
oxygen  in  the  presence  of  hydrogen  [5].  The  oxygen 
gettering  was  negligible  in  HP-HT  treated  Cz-Si :  H.  It 
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means  that  HP  affects  strongly  oxygen  diffusivity; 
oxygen  mobility  decreases  dramatically  with  HP.  From 
comparison  of  oxygen  depth  profiles  for  Cz-Si :  He  and 
Cz-Si :  H,  implanted  with  comparable  He  and  H  doses 
(hence,  with  similar  extent  of  damage  near  Rp)  and 
treated  at  >  1000K  it  follows  also  that  the  HP  effect  on 
the  resultant  defect  structure  of  Cz-Si :  He  and  Cz-Si :  H 
is  different.  Both  the  annealed  and  HT-HP  treated  Cz- 
Si:  He  samples  exhibit  gettering  activity  at  >1000K, 
while  the  HT-HP  processing  of  Cz-Si :  H  results  in  some 
specific  structural  changes  in  implantation-damaged 
areas.  The  implantation  damaged  area  of  HT-HP 
treated  Cz-Si :  H  ceases  to  be  active  in  respect  of  the 
oxygen  accumulation. 

In  summary,  this  paper  demonstrates  an  appearance 
of  the  enormous  effect  of  oxygen  segregation  within  the 
damaged  volume.  In  order  to  realise  the  magnitude  of 
this  phenomenon,  let  us  consider  the  integral  of  the 
oxygen  peak  formed  as  a  result  of  the  implantation  and 
the  HT-HP  treatment  of  Cz-Si :  He  (Fig.  2,  solid  circles). 
Here  oxygen  content  amounts  to  about  10l6cm  2.  This 
would  correspond  to  the  oxygen  contained  in  the  Cz-Si 
slab  of  about  100  pm  thickness.  Taking  the  existing  data 
for  oxygen  diffusion  in  Si,  such  extended  transport 
within  the  semiconductor  can  be  excluded.  An  alter¬ 
native  source  of  oxygen  to  be  eventually  gettered  in  the 
vicinity  of  Rp  would  be  the  oxygen  contamination  of  the 


ambient  gas.  However,  even  in  such  a  case  the  transport 
from  the  surface  would  be  enormous. 

So  further  investigation  is  definitely  needed  to  solve 
that  question. 
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Abstract 

We  attempted  to  detect  changes  in  an  ESR  signal  from  the  excited  triplet  state  of  a  vacancy  oxygen  pair  in  FZ-Si 
samples  caused  by  doping  with  hydrogen  or  deuterium  prior  to  electron  irradiation.  The  presence  of  vacancy-di¬ 
hydrogen  (vacancy-di-deuterium)  complexes  in  the  doped  samples  was  confirmed  by  the  analysis  of  infrared  absorption 
spectra.  Complete  similarity  of  the  parameters  and  shape  of  the  spectra  in  the  doped  samples  to  that  in  the  reference 
FZ-Si  and  Cz-Si  samples  proves  that  the  signal  originates  from  the  same  defect  for  all  the  cases.  Further  investigations 
showed  that  carrier  recombination  conditions  in  the  sample  and  numerous  hardly  controllable  experimental  settings 
affect  the  shape  and  intensity  of  the  ESR  signal,  impeding  the  correct  interpretation  of  the  signal  origin.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Si;  O;  H;  Vacancy;  ESR;  SDR 


1.  Introduction 

Various  hydrogen-containing  complexes  in  Si  have 
long  attracted  considerable  attention  [1-3].  The  struc¬ 
ture  and  properties  of  some  of  these  complexes  have 
been  established,  while  others  still  remain  under 
investigation. 

The  attribution  of  the  observed  HVH  optically 
detected  magnetic  resonance  (ODMR)  spectra  [4,5],  to 
an  excited  state  of  the  vacancy-di-hydrogen  (VH2) 
complex  in  Si  has  been  questioned  [6]  based  on  its 
similarity  to  the  ESR  SL1  spectra  which  is  caused  by  an 
excited  triplet  state  of  vacancy-oxygen  pair  (VO  )  [7]. 
No  final  conclusion  has  been  reached  on  the  origin  of 
the  HVH  spectra  [8,9].  The  main  arguments  supporting 
the  possible  VH2  origin  of  the  HVH  spectra  are  the 
change  in  the  shape  of  resonance  peaks  upon  substitu¬ 
tion  of  hydrogen  (H)  doping  by  deuterium  (D)  doping 
and  the  difference  in  the  annealing  properties  between 
the  vacancy-oxygen  pair  and  the  defect  responsible  for 
the  HVH  spectra. 
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The  SL1  signal  has  several  distinctive  features.  The 
presence  of  absorption  and  emission-related  resonance 
peaks  in  the  SL1  spectra,  so-called  double-signed 
spectra,  signifies  the  involvement  of  a  relevant  defect 
in  the  carrier  recombination  process  [7,10].  The  SL1 
signal  can  also  be  detected  using  spin  dependent 
recombination  (SDR)  measurement  methods  [11,12]. 
The  increase  in  the  charge  carrier  recombination  rate  in 
the  sample  during  the  spin  resonance  on  the  recombina¬ 
tion  centers  causes  the  appearance  of  SDR- related 
resonance  peaks.  All  SDR  peaks  have  similar  sign. 
The  overall  recombination  processes  in  the  sample  affect 
the  ESR  and  SDR  SL1  signals,  i.e.,  the  existence  of 
other  carrier  recombination  paths  in  the  sample  will 
suppress  them.  Thus,  the  SL1  signal  can  be  termed 
“recombination  controlled  spin  resonance”. 

We  attempted  to  determine  the  origin  of  spectra 
observed  in  Refs.  [4-6]  and  to  find  the  reasons  for  the 
contradictory  observations. 

2.  Experimental 

We  used  phosphorus  doped  FZ-Si  (p  =  lOOODcm) 
and  Cz-Si  (p=10Qcm)  samples.  Sliced  samples. 
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mechanically  and  chemically  polished,  were  annealed  in 
quartz  capsules  filled  with  H2  or  D2  or  Ar  gas  at  1300  C 
for  1  h.  After  the  annealing,  samples  were  quenched  by 
immersion  in  water.  Annealed  and  as-grown  samples 
were  subjected  to  irradiation  with  3-MeV  electrons  at 
room  temperature  with  total  doses  from  clc  =  3  x  10i4  to 
1  x  1057e/cnr.  The  irradiated  samples  were  stored  at 
temperatures  below  -  IO  C. 

We  conducted  FT-IR  measurements  to  verify  the 
presence  of  VH2  (VD2)  and  VO  defects  [3,13-17]  and  to 
estimate  the  concentration  of  interstitial  oxygen  (Oj)  in 
the  samples.  Optical  absorption  spectra  of  the  specimens 
were  measured  with  an  FT-IR  spectrometer  at  4.2  K. 
The  resolution  was  0.25  cm  ’. 

Spin  resonance  measurements  were  conducted  on  a 
JEOL  X-band  ESR  spectrometer  using  a  TM()|  j  mode 
MW  resonator  equipped  with  a  continuous  helium  gas- 
flow  cryostat.  The  samples  were  illuminated  with 
interband  light  during  measurements  through  the 
window  in  the  resonator.  The  derivative  of  MW  field 
absorption  with  respect  to  the  magnetic  field  was 
measured  using  a  lock-in  amplifier  and  magnetic  field 
modulation  with  an  amplitude  of  0.2-0.6G  and  a 
frequency  of  100  kHz.  The  measurements  were  con¬ 
ducted  under  constant  illumination  at  10-20  K. 


3.  Results  and  discussion 

We  carried  out  a  careful  ESR  investigation  of  the  SL1 
spectra  in  as-grown.  H  or  D  doped  or  argon-annealed 
FZ-Si  samples  and  Cz-Si  samples  after  irradiation.  In  all 
cases  the  spectra  can  be  characterized  by  Spin-Hamilto- 
nian  with  the  parameters  presented  in  Refs.  [6,7]. 
Moreover,  no  additional  splitting  or  broadening  of  lines 
was  detected  in  the  samples  doped  with  H  or  D.  As  seen 
in  Fig.  1,  the  signal  shapes  for  all  samples  were  identical. 
These  results  prove  that  all  the  observed  ESR  spectra 
originate  from  the  (VO*).  Differing  from  Stall inga  and 
Nielsen  [6],  sample  preparation  procedures  used  in  our 
investigation  were  close  to  those  used  by  Chen  et  al.  [4]. 
The  presence  of  VH2  (VD2)  defects  in  our  H  (D)  doped 
and  irradiated  samples  was  verified  by  FT-IR  measure¬ 
ments.  Thus,  our  results  contradict  the  conclusions 
made  by  Chen  et  al.  [4,5]  regarding  the  involvement  of  H 
(D)  in  the  defect  responsible  for  the  HVH  spectra. 
However,  the  above  results  do  not  answer  the  main 
arguments  presented  in  Ref.  [9]  regarding  the  observed 
change  in  the  resonance  line  shape  and  annealing 
kinetics  of  the  relevant  defect.  We  attempted  to 
determine  the  possible  origin  of  the  contradiction. 

First,  we  attempted  to  compare  the  concentra¬ 
tion  of  recombination  centers  in  the  samples  prc- 
annealed  in  the  various  ambient  prior  to  irradiation. 
We  compared  the  intensity  of  the  SLI  signal.  /( S L I ) 
and  the  strength  of  IR  absorption  peak  of  the  VO 


Fig.  1.  The  “0=^-1"  ESR  transition  from  the  SLI  spectra  in 
irradiated  FZ-Si  samples.  Sample  annealing  ambient  and 
amplification  factors  arc  indicated  above  the  curves  (**R'* 
stands  for  the  reference,  as-grown  sample).  Measurement 
conditions:  Z?||[l  1  0],  7mi;as  =  16 K.  Inter-band  light  illumina¬ 
tion.  /rj  s  =  9.06  GHz,  P \jvv  =  1  mW. 


pair,  /(VO)  in  the  samples.  The  normalized  ratios 
/(SLl)//(VO)  for  the  samples  vary  in  accordance  with 
proportion  Ar:  D2:  H2^  1 : 0.66: 0.46.  This  difference 
can  be  attributed  only  to  the  influence  of  recombination 
centers  on  the  SLI  signal  intensity.  Namely,  the  over¬ 
all  concentration  of  recombination  centers  after  irradia¬ 
tion  is  smaller  in  the  samples  pre-annealed  in  Ar  and 
larger  for  the  H-doped  samples.  Apparently,  the  overall 
concentrations  of  recombination  centers  in  the  H  and  D 
doped  samples  were  also  different.  Our  later  investiga¬ 
tion  of  defect  creation  in  similar  samples  proved  the 
above  statements  [18]. 

Next,  a  comparison  of  the  ESR  and  SDR  SLI  signals 
from  the  same  Cz-Si  sample  was  performed.  By 
increasing  the  MW  power  during  ESR  measurements, 
it  is  possible  to  significantly  increase  the  intensity  of  the 
MW  electric  field  component  in  the  volume  of  a  sample. 
Thus,  an  effect  related  to  SDR,  i.e..  change  in  the 
absorption  of  the  MW  electric  field  component  during 
spin  resonance  [12],  may  be  detected.  We  succeeded  in 
the  simultaneous  detection  of  both  ESR  and  SDR- 
related  SLI  signals. 

In  Fig.  2,  the  observed  spin  resonance  spectra  are 
presented  for  a  Cz-Si  sample  irradiated  with  dc- 
3  x  10l4e/cnr  at  three  different  levels  of  MW  power. 
As  seen,  with  the  increase  in  the  MW  power,  the 
intensity  of  the  SLI  ESR  spectrum  with  absorption  and 
emission  peaks  is  gradually  decreasing,  while  the  SDR 
SLI  spectrum,  with  single  signed  peaks,  emerges  and 
increases  in  intensity.  Details  of  the  transformation  are 
presented  in  Fig.  3a.  For  the  same  MW  power  the  width 
of  the  SDR  related  signal  is  noticeably  larger  than  that 
of  the  ESR  peak.  As  a  result,  a  composite  peak,  much 
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Fig.  2.  The  SL1  spectra  from  irradiated  Cz-Si  sample 
(4  =  3  x  10 14  e/cm2).  MW  power  and  amplification  factor  are 
indicated  above  the  curves.  Other  experimental  conditions  were 
same  as  those  indicated  in  Fig.  1. 
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Fig.  3.  The  “0=4>— 1”  ESR  transition  from  the  SL1  spectra  in 
the  Cz-Si  sample.  MW  power  (mW)  is  indicated  above  each 
curve,  (a)  dc  —  3  x  1014  e/cm2,  amplification  factor  =10;  (b) 
dc  =  1  x  1017  e/cm2,  amplification  factor  =  1.  Other  experimen¬ 
tal  conditions  were  the  same  as  those  indicated  in  Fig.  1 . 


different  in  shape  from  the  ESR  and  SDR  peaks,  may 
resemble  an  additional  HF  splitting  of  a  signal.  It  is 
interesting  that  ESR  to  SDR  transformation  does  not 
occur  in  a  similar  sample  with  high  de,  even  if  it  is  placed 
in  the  same  position  in  the  resonator  (see  Fig.  3b). 
Measurements  revealed  that  the  “onset”  MW  power 
value  for  the  transformation  increases  with  the  de,  i.e. 
with  the  concentration  of  recombination  centers  in  the 
sample.  Irradiation  dose  dependence  for  the  SL1  signal 
intensity  in  the  Cz-Si  samples  also  differed  from  that 
reported  for  the  VO  defect  [16]. 

Although  the  properties  of  the  SL1  signal  presented 
herein  deserve  further  investigation,  this  obviously 
exceeds  the  aims  and  limits  of  the  present  work. 
However,  we  can  conclude  that  the  observable  shape 
and  intensity  of  the  SL1  signal  depend  on  the 
recombination  conditions  in  the  sample,  actual  position 
of  the  sample  inside  the  resonator,  MW  power, 
illumination  conditions,  etc. 

Thus,  we  can  explain  contradictory  observations  with 
respect  to  the  SL1  signal  shape  [4,6]  as  being  due  to  the 
SL1  signal  features.  Namely,  we  suppose  that  the  H  and 
D  doped  samples  after  irradiation  in  Ref.  [4]  had 
different  concentrations  of  recombination  centers,  as 
was  the  case  in  our  samples.  Such  a  difference,  together 
with  hardly  controllable  experimental  conditions,  could 
cause  an  observed  change  in  the  shape  of  the  resonance 
peak  by  an  admixture  of  ESR  and  SDR  signal 
components  in  the  detected  ODMR  signal  [4].  Anneal¬ 
ing  strongly  affects  the  recombination  conditions  inside 
an  irradiated  sample.  Thus,  it  can  be  expected  that  a 
change  in  the  recombination-controlled  SL1  spectra 
intensity  upon  sample  annealing  will  significantly  differ 
from  the  change  in  VO  concentration,  as  reported  in 
Ref.  [5]. 

In  conclusion,  a  careful  analysis  of  spectral  para¬ 
meters  and  the  shape  of  the  ESR  spectra  from  H  or  D 
doped  or  Ar-annealed  and  subsequently  electron  irra¬ 
diated  samples  revealed  that  the  signal  originates  from 
the  excited  triplet  state  of  the  VO  pair  in  all  cases.  The 
shape  of  the  resonance  peaks  and  the  intensity  of  the 
signal  depend  on  the  VO  pair  concentration,  on  the 
carrier  recombination  conditions  inside  the  sample  and 
on  numerous  experimental  settings.  This  complicated 
dependence  is  the  result  of  the  recombination-controlled 
nature  of  the  SL1  spectra  and  can  be  applied  to  the 
investigation  of  recombination  processes  that  take  place 
in  the  sample. 
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Abstract 

Transport  phenomena  are  studied  in  uniaxially  strained  transmutation  doped  y-irradiated  n-Si(P)  crystals.  It  is 
shown  that  thermal  annealing  of  the  transmutation  doped  Si  results  in  the  generation  of  different  types  of 
thermodonors.  Tensoresistivity  mechanisms  in  highly  strained  transmutation  doped  silicon  are  identified  as  well. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  neutron  transmutation  doping  of  semiconductors 
is  known  to  provide  a  higher  homogeneity  of  the 
impurity  distribution  within  the  crystal  volume  as 
compared  to  the  method  of  doping  from  the  melt. 
Homogeneous  doping,  in  turn,  results  in  a  higher 
reliability  of  the  devices  operating  on  the  principles  of 
carrier  heating.  On  the  contrary,  a  heterogeneous 
current  distribution  for  both  crystal  volume  and  p-n 
junction  degrades  the  device  performance  because  of 
microplasma  appearance.  The  neutron  transmutation 
doped  (NTD)  silicon  is  also  characterized  by  a  higher 
resistance  to  y-irradiation.  The  technology  of  the 
neutron  transmutation  doping  involves,  as  is  well 
known,  a  high  temperature  annealing  (at~800°C  for 
2  h)  in  order  to  remove  crystal  damage  induced  by  slow 
neutrons.  Since  the  silicon  crystals  grown  by  floating 
zone  (FZ)  or  Czochralski  methods  contain  a  substantial 
concentration  of  oxygen  (&?>  x  1023  and  «  1  x  1024m-3, 
respectively),  the  high  temperature  annealing  is  expected 


*Corresponding  author.  Tel.:  +380-44-265-6280;  fax:  +  380- 
44-265-6391. 

E-mail  address:  kolomoe@class.semicond.kiev.ua 
(V.V.  Kolomoets). 


to  result  in  the  generation  of  high  temperature  thermo¬ 
donors. 

Detection  of  the  presence  of  high  temperature 
thermodonors  in  NTD  y-irradiated  silicon  crystals  is 
the  aim  of  this  work.  Note  that  influence  of  thermo¬ 
donors  on  NTD  silicon  properties  should  increase  with  a 
decrease  of  the  phosphorus  concentration.  Therefore, 
for  pure  NTD  crystals  optimization  of  the  technological 
regimes  of  neutron  transmutation  doping  is  very 
important. 


2.  Experimental 

Irradiation  of  pure  monocrystalline  silicon  crystals 
with  slow  neutrons  was  followed  by  a  high  temperature 
annealing  Tta  800°C  for  2  h.  A  60Co  source  was  used  for 
y-irradiation  of  transmutation  doped  silicon  by  relevant 
doses  of  y-quanta  at  room  temperature,  y-irradiation 
was  performed  on  the  samples  with  attached  electrical 
contacts  to  prevent  annealing  of  radiation-induced 
defects  during  the  contact  creation.  Longitudinal 
tensoresistive  effect,  Hall  effect  and  their  temperature 
dependencies  were  investigated  using  an  installation  for 
transport  phenomena  measurements  under  high  uniaxial 
pressure.  Pressure  and  temperature  dependencies  of  the 


0921-4526/01/$  -  see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  80921-4526(01)00892-4 


326 


S  I.  Budzuh  ak  et  al.  j  Physica  B  308 310  (2001)  325  -  328 


—  _CJ 

£  c. 

^  § 
^  K 

G  Q 
.y  H 
=  Z 


rs  es 


■£ 

h-  £ 


'O  v© 

f*".  — •  o 

oooocoo— :riocooc 


ri  in  ri  oc  — 

r'-,  rj  Vi  h  O'  ri  o 

©  ©  ©  ©  ©  ©  o 
V 


©  O  — 

A 


O'  V|  ri  oc 
O  O  ©  n 

©  d  ©  d 


X  -  Vj  \C  r^, 
Tt  r  j  c  ~  cc  i r, 
ri  d  d  d  d  r i 
# 


r*.  ri  ri 

d  d  — 


rf 

ri  — ’ 


r j  rt  r|  rj  ct  rj 

d  d  rr,  d  rK  K 


c  x  ci  x  ci  Vi  tj  r, 

ri  — .  ir,  t~~-  n  —  — <  c  r*,  © 

C  C  d  C  C  -  v  v  ri  c 


•Ai  rt 
ri  cc 

d  — 


«ri  —  r*',  r-, 


—  r- 
rt  iri 


|  z 


a 


ccocoooooc 


OCCrtr-jOrtrtri  rt 


r‘;iriV',rirjrtO'r-' 

t,  t"  iri  rt  ir]  d  ~  —i  ~  r-! 


Q  Q 
H  H 
Z  Z 

—  ri  r,  Tt 


a 

H 

Z  S  JD 

Vi  vC  h  t'  h 


©  OC 
d  ri 


U  T3  Z  rt 

t-  r-  x  x 


transport  phenomena  were  used  to  reveal  peculiarities  of 
tensoeffects  for  the  two  types  of  crystals,  NTD  and 
doped  with  phosphorus  from  the  melt.  In  order  to 
obtain  the  ohmic  electric  contacts  to  the  n-Si  specimens 
the  binary  eutectic  silicon-gold  was  used.  The  values  of 
the  main  parameters  of  all  measured  specimens  are  listed 
in  Table  1. 


3.  Results  and  discussion 

In  Fig.  1,  the  dependencies  of  resistivity  vs.  pressure 
for  the  case  of  longitudinal  tensoresistivity  (TR) 
measurements  are  compared  for  n-Si  doped  with 
phosphorus  at  the  growth  and  NTD  samples.  For  the 
former  case  (sample  #1,  Table  1),  the  TR  effect  is 
characterized  by  the  saturation  at  pressure  X  ss  0.76  GPa 
(curve  1,  Fig.  1)  and  the  following  inessential  (*1%) 
linear  decrease  of  resistivity  caused  by  an  elastic  change 
of  the  sample  dimensions  with  pressure.  For  the  NTD  n- 
Si(P)  (sample  #7,  Table  1),  the  presence  of  a  maximum 
at  pressure  X ^0.6  GPa  and  the  following  exponential 
decrease  of  resistivity  («  5%)  in  the  pressure  range  0.6- 
1.8  GPa  is  characteristic.  These  peculiarities  of  the  TR 
effect  in  NTD  silicon  we  associate  with  the  strain- 
induced  ionization  of  thermodonors  which  appear  at 
high  temperature  annealing  of  crystals  after  neutron 
transmutation  doping.  In  y-irradiated  NTD  crystals 
(sample  #7c.  Table  1),  the  TR  effect  is  characterized  by 
the  strain-induced  ionization  of  A-centers  (vacancy- 
— oxygen  atom  [1,2]),  which  occurs  in  the  pressure 
range  1.1-1. 8  GPa  (curve  3,  Fig.  1).  Note  that  the  strain- 
induced  ionization  of  the  defect  levels  (P,  TD,  A-center) 
leading  to  a  decrease  of  the  crystals  resistivity  occurs  on 


X  (GPa) 


Fig.  1.  The  dependencies  of  pJp„-f{X)  longitudinal  TRE 
for  n-Si  doped  by  phosphorus  at  the  growth  (1  —sample  1)  and 
by  slow  neutrons  irradiation  (2.  3— samples  7.  7c  respectively), 
x || [0  0  1]||./;  7  =  78  K;  Dose  of  y-irradiation  (quanta 'em2): 
1,  2—0;  3—2.1  x  1017. 
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T  (K) 

Fig.  2.  Temperature  dependencies  of  normalized  Hall  constant 
(J^/rt^)  for  NTD  n-Si(P  )  (1— sample  7NTD;  2-4— sample 
7c)  and  normalized  resistivity(pr/p78):  5— sample  8a;  6 — sam¬ 
ple  7c.  Uniaxial  pressure  X  (GPa):  0—1,  2,  5,  6;  0.4—3; 
0.8—4. 


the  background  of  a  resistivity  increase  which  depends 
on  the  mechanism  of  intervalley  redistribution  of 
electrons.  The  presence  of  radiation-induced  centers 
(P,  A-centers)  and  high  temperature  thermodonors  in 
NTD  y-irradiated  silicon  and  dependence  of  their  energy 
levels  on  the  pressure  is  characterized  by  temperature 
dependencies  of  Hall  effect  (curves  2-4,  Fig.  2)  which 
was  measured  for  sample  #7cNTD.  The  presence  of  all 
defect  levels  (P,  TD,  A-center)  is  well  detected  in 
temperature  dependencies  of  resistivity  for  the  samples 
with  a  higher  level  of  doping  by  electrically  active 
phosphorus  impurity  (sample  #8a,  Table  1).  At  the  same 
time,  for  crystals  with  dominant  contribution  of  the 
acoustic  scattering  (sample  #7c,  Table  1)  only  presence 
of  A-centers  is  clearly  observable  on  the  p(T)  depen¬ 
dence  (curve  6,  Fig.  2).  Comparison  of  temperature 
dependencies  of  tenso-Hall  effect  (curves  2  and  3,  Fig.  2) 
shows  the  full  ionization  of  P  impurity  occurs  at 
insignificant  pressure  (0.2-0. 4  GPa).  The  obtained  data 
prove  the  theoretical  calculations  of  the  uniaxial 
pressure  influence  the  energy  level  position  of  shallow 
donors  [3,4]. 

Even  a  more  sensitive  method  to  detect  any  deviation 
of  the  mechanism  of  TR  effects  from  the  classical 
mechanism  of  intervalley  redistribution  of  electrons 
(Smith-Herring  mechanism)  is  determination  of  the 
deformation  potential  constant  (Eu)  in  silicon  [5].  In 
this  case,  the  dependence  of  electron  concentration 
ratio  in  the  upper  and  lower  valleys  on  pressure  is 
determined  via  the  TR  effect  data  measured  in  a 
wide  pressure  region.  For  nondegenerated  crystals,  the 
ratio  of  electron  concentration  in  the  upper  valley  (n2) 
to  electron  concentration  in  the  lower  one  (n\)  is 
expressed  as  [6] 


n2/ri]  =  Qxp(—AE/kT)  (1) 

where  A E  is  the  energy  splitting  of  valleys  in  uniaxially 
strained  crystals. 

Since  A E~X,  there  is  a  linear  dependence  of  the 
logarithm  of  concentration  ratio  on  the  pressure  for  the 
tensoeffect  mechanism  caused  only  by  the  intervalley 
redistribution  of  electrons: 

lg(«2/«i)~*.  (2) 

In  accordance  with  this  method,  it  was  determined 
that  only  for  sufficiently  pure  silicon  crystals  doped  with 
phosphorus  during  growth  can  one  obtain  the  linear 
dependence  lg(«2/»i)  =f(X)  (curve  1,  Fig.  3).  It  was 
also  established  that  the  linearity  of  the  dependence 
lg(n2/n\)  —  f(X)  occurs  in  such  n-Si  crystals  only  in  a 
narrow  temperature  range  (78-100  K)  when  pressure 
dependence  of  the  f-scattering  is  not  observed.  The 
obtained  data  demonstrate  that  deviation  from  linearity 
of  the  dependence  \g(n2/n\)  =  f(X)  takes  place  for 
compensated  n-Si(P)  crystals  (sample  #5,  Table  1)  and 
NTD  n-Si(P)  (curves  4,  and  2,  3,  5,  respectively,  Fig.  3). 

According  to  comparison  of  curves  2,  3  and  5  in 
Fig.  3,  the  deviation  from  linearity  in  NTD  silicon 
increases  with  the  phosphorus  concentration  decrease 
that  can  be  attributed  in  this  case  to  the  relative  increase 
in  contribution  of  strain-induced  ionization  of  high 
temperature  thermodonors.  We  assume  that  on  condi¬ 
tions  of  approximately  equal  content  of  oxygen  in 


Fig.  3.  The  dependencies  of  lg(«2/«i)  vs.  uniaxial  pressure  X 
for  silicon  crystals  doped  with  phosphorus  at  the  growth 
(curves  1,  4 — samples  1,  5  respectively)  and  neutron  transmuta¬ 
tion  doped  (curves  2,  3,  5 — samples  7NTD,  3NTD,  2NTD 
respectively). 
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crystals  and  equal  annealing  temperature  and  time, 
concentration  of  thermodonors  must  be  approximately 
equal  in  all  NTD  silicon  crystals  investigated  in  this 
work.  Note  that  speed  and  anisotropy  of  energy  levels 
shift  of  defects  (P,  TD,  A-center)  in  silicon  vs.  uniaxial 
pressure  are  determined  by  defects  structure  and  their 
energy  levels  in  the  forbidden  band.  This  fact,  as  shown 
from  analysis  of  the  obtained  data,  determines  the 
peculiarities  of  TR  effects  in  highly  strained  '/-irradiated 
crystals  of  NTD  silicon. 


4.  Conclusions 

Analysis  of  TR  effect  data  in  NTD  -/-irradiated  silicon 
crystals  allowed  us  to  determine  regularities  of  influence 
on  the  transport  phenomena,  additional  strain-induced 
ionization  of  both  radiation-induced  energy  levels  (P,  A- 
center)  and  levels  of  high  temperature  thermodonors 
which  are  generated  in  NTD  silicon  with  high  oxygen 
concentration  during  the  annealing.  Enhanced  contribu¬ 
tion  of  additional  strain-induced  ionization  of  thermo¬ 
donor  levels  to  tensoeffects  with  decreasing  phosphorus 
concentration  is  explained  by  approximately  constant 
concentration  of  thermodonors  in  crystals  with  equal 
content  of  oxygen  and  identical  conditions  of  annealing. 

The  additional  ionization  of  defect  levels  with 
increasing  pressure  results  in  a  deviation  from  linearity 
of  the  dependence.  Ig0?:///i)  =f(X).  Whereas,  linearity 
of  this  dependence  is  determined  by  intervalley  redis¬ 
tribution  mechanism  (Smith-Herring  mechanism),  the 
analysis  of  dependencies  \$(n2/n\)  =f(X)  in  many- 


valley  semiconductors  can  be  applied  for  TR  mechanism 
identification  in  highly  strained  crystals.  The  most 
comprehensive  information  in  terms  of  determination 
of  tensoresistive  effect  mechanisms  in  the  NTD  y- 
irradiated  Si  crystals  as  for  the  determination  of 
dependencies  of  transport  phenomena  caused  by  the 
presence  of  various  types  of  defects,  was  obtained  by 
analysing  both  temperature  and  pressure  dependencies 
of  resistivity.  Hall  effect  and  the  ratio  of  electron 
concentration  in  different  valleys  of  the  C-band  shifted 
by  deformation.  It  was  demonstrated  that  the  tenso- 
efifects  mechanism  of  intervalley  redistribution  is  in¬ 
herent  only  for  pure  n-Si  crystals  doped  by  hydrogen¬ 
like  donors  in  a  narrow  temperature  range  (78-100  K). 
The  analysis  of  the  obtained  data  testifies  that  the  slope 
change  of  the  linear  part  of  dependencies  lg(/j 2/n\)  — 
/( X)  does  not  mean  the  change  of  magnitude  of  the 
deformation  potential  constant  Eu  in  n-Si  crystals  doped 
by  various  methods. 
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Abstract 

We  study  the  initial  steps  of  oxidation  of  the  Si(l  1  1  >7  x  7  surface  through  modeling  of  different  chemisorption  sites 
for  atomic  O:  adatom  backbonds  in  faulted  and  unfaulted  halves  of  the  surface  cell,  and  surface  dimer  bonds.  We  use 
ab  initio  calculations  within  local  density  approximation,  and  realistic  simulation  unit  cells  (4x2  and  6  x  3).  Our 
results  show  the  faulted  adatom  backbond  to  be  favored  over  the  unfaulted  adatom  backbond,  and  in-dimer  insertion 
to  be  the  stable  adsorption  site.  We  also  use  our  results  to  interpret  scanning  tunneling  microscopy  results,  and  suggest 
that  adatom  adsorption  is  responsible  for  bright  spots  in  unoccupied  states  images,  while  in-dimer  adsorption  could  be 
related  to  dark  sites.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Oxidation;  Silicon  surfaces;  Oxygen  adsorption 


1.  Introduction 

Oxidation  of  silicon  surfaces  have  been  extensively 
studied  recently  due  to  the  need  to  understand  and 
control  the  Si/Si02  interface  [1].  The  initial  stages  of 
oxidation  are  very  different  for  different  surfaces,  e.g., 
for  the  hydrogenated  (11  l)Si-H  or  for  the  clean 
(1  1  l)Si-(7  x  7)  reconstructed  surface  [2].  The  differ¬ 
ences  may  come  not  only  from  the  presence  of  hydrogen 
but  also  from  the  different  sites  the  7  x  7  reconstruction 
[3,4]  offers  for  oxygen  incorporation.  While  in  the 
(1  1  l)Si-H  oxygen  incorporation  occurs  almost  exclu¬ 
sively  in  the  surface  Si  atom  backbonds  [5],  in  the  case  of 
the  Si-(7  x  7)  surface  incorporation  is  thought  to  occur 
mainly  in  adatom  backbonds  [2,6,7].  The  basis  for  this 
consensus  comes  from  the  evidence  provided  by  scan¬ 
ning  tunneling  microscopy  (STM)  images  of  the  clean  [8] 
and  oxidized  [9,10]  surface,  which  clearly  show  the 
enhancement  of  the  adatom  features  upon  oxidation,  in 
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the  initial  stages.  The  STM  images  taken  with  slow 
oxidation  show  [9]  that  the  first  two  features  to  appear 
are:  bright  adatom  spots,  with  a  preference  of  2 :  1  for 
the  faulted  half  of  the  surface  unit  cell;  and  dark  spots, 
which  appear  exclusively  on  faulted  halves.  With 
increasing  oxidation  times,  and  before  the  surface  is 
fully  oxidized,  dark  sites  dominate  and  faulted  halves 
are  completely  obscured. 

The  major  controversy  concerning  the  oxidation 
process  concerns  the  existence  [10,11]  or  not  [12,13]  of 
a  molecular  precursor,  a  metastable  molecular  02 
species  that  would  survive  in  the  surface  for  a  relatively 
long  time,  transforming  to  chemisorbed  O  in  the  adatom 
backbond.  Several  theoretical  works  were  dedicated  to 
the  molecular  precursor,  focused  on  the  adatom 
dangling-bond  (DB)  as  the  main  “harpoon”  to  anchor 
an  incoming  02  molecule;  the  conclusions  point  always 
to  the  higher  stability  of  any  configuration  that  includes 
an  O  atom  inserted  in  an  adatom  backbond  [6,14].  It  is 
important  to  emphasize,  however,  that  all  previous 
theoretical  studies  of  oxidation  of  the  Si-(7  x  7)  surface 
were  performed  with  simplifications  of  the  surface  unit 
cell,  containing  only  the  adatom  and  rest-atom  surface 
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Fig.  1.  Top  view  of  the  (6x3)  cell  used  to  simulate  O 
adsorption  on  a  Si  (7  x  7)  surface.  For  the  sake  of  clarity,  we 
show  only  the  adatoms  (larger  dark  circles),  first  layer  atoms 
(white  circles)  and  dimer  atoms  (smaller  dark  atoms).  The 
corner  holes  are  located  on  the  vertices  of  the  unit  cells.  The 
dashed  lines  separate  the  faulted  (F)  and  unfaulted  (UF)  halves 
of  the  unit  cell. 

entities,  in  the  unfaulted  half  of  the  unit  cell.  There  was 
thus  no  possibility  of  comparing  faulted  and  unfaulted 
halves,  or  to  explore  the  other  possible  sites.  From  bulk 
defect  studies,  however,  it  is  well  known  that  the 
reaction  of  interstitial  oxygen  with  vacancies  is  exother- 
mic  [15].  In  the  surface,  although  there  are  significant 
differences  in  environment,  this  could  mean  that 
insertion  in  the  dimer  site  is  energetically  favored.  On 
the  other  hand,  simple  geometric  division  of  the  unit  cell 


in  regions  tells  us  that  “dimer  regions”  cover  almost 
40%  of  total  area.  We  here  present  a  theoretical  study  of 
atomic  oxygen  adsorption  on  the  Si(l  1  l)-(7  x  7)  sur¬ 
face,  based  on  more  realistic  simulations  which  can  take 
into  account  the  differences  between  adatoms  in  the 
faulted  and  unfaulted  surface,  and  include  the  surface 
dimers.  Our  results  confirm  that  there  is  a  small  energy 
difference  favoring  backbond  adsorption  in  the  faulted 
half,  and  that  backbond  adsorption  enhances  the 
adatom  feature  in  STM.  We  find,  moreover,  that 
insertion  in  the  dimer  bonds  is  indeed  favored  over 
backbond  adsorption.  However,  this  atomic  configura¬ 
tion  is  not  directly  visible  to  STM,  but  could  be  related 
to  the  dark  sites  in  the  images. 


2.  Methodology 

We  simulate  the  Si(l  1  l)-(7  x  7)  surface  by  repeated 
supercells  in  the  slab  model.  Slabs  are  H-saturated  on 
the  back-surface,  and  contain  six  normal  Si  layers,  plus 
surface  layers,  which  depend  on  the  surface  unit  cell.  We 
use  doubled  (2  x  2)  and  (3  x  3)  cells  (4  x  2  and  6  x  3, 
respectively,  see  Fig.  1)  in  order  to  isolate  electrically 
and  elastically  the  inserted  O  atoms.  For  the  (3  x  3)  cell 
there  are  two  surface  layers,  with  the  stacking  fault  in 
one  half,  plus  the  adatoms,  and  we  have  then  two 
adatoms  (faulted  and  unfaulted),  dimers  and  a  corner 
hole.  For  the  (2  x  2)  cells,  there  are  two  surface  layers 
plus  the  adatom,  so  we  have  in  this  case  one  adatom  and 
one  rest-atom;  we  use  different  (2  x  2)  cells,  one  with 
normal  Si  coordination  and  the  other  with  a  stacking 
fault;  calculations  are  also  done  for  4  x  2-H  cells,  with 
one  rest-atom  DB  saturated  by  hydrogen  [14]. 

Calculations  are  done  using  ab  initio  density  func¬ 
tional  theory  in  the  local  density  approximation,  using 
the  SIESTA  code  [16],  norm-conserving  pseudo-poten¬ 
tials  [17]  and  Ceperley-Alder  exchange  correlation  [18]. 
We  use  double-zeta  local  orbitals  for  the  inner  layers, 
and  double-zeta  plus  polarization  functions  for  the 
surface  layers.1  We  relax  all  but  the  lowermost  layer, 
starting  from  the  initial  theoretical  lattice  parameter  for 
Si.  We  use  the  isosurfaces  of  j|f,||2  to  interpret  STM 
images  [19].  To  do  that,  we  integrate  ||*P||:  over  the 
relevant  energy  region,  in  this  case  for  the  unoccupied 
states  up  to  +0.5  eV  from  the  Fermi  energy. 


3.  Results  and  discussion 

We  study  single  atomic  O  insertion  in  the  adatom 
backbonds,  and  in  the  surface  dimer,  comparing  total 
energy  differences  in  the  stable  configurations.  We  do 

’Orbital  cutofi  equivalent  to  a  confinement  energv  shift  of 
0.3  eV;  real-space  grid  equivalent  to  a  cutoff  energy  of  130  Rv. 
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Fig.  2.  Isosurfaces  of  ||<F|j2  at  equal  densities  for  the  clean  Si  (6  x  3)  cell  (b),  for  the  same  surface  with  an  O  atom  in  an  adatom 
backbond  (a)  and  with  one  O  atom  in  a  dimer  bond  (c).  The  arrows  indicate  the  positions  of  O  insertion  in  each  case. 


not  study  the  silanone  incorporation  in  dangling  bonds 
[20],  which  is  known  to  be  less  stable  [6,21,22]. 
Incorporation  in  adatom  backbonds  is  studied  in  two 
different  environments:  in  the  6x3  cell,  we  compare 
directly  faulted  and  unfaulted  subsurface  layers,  and  the 
environment  mimics  more  closely  corner  adatoms,  since 
it  is  flanked  by  dimers,  and  faces  a  corner  hole.  In  the 
4x2  cells,  we  compare  energy  differences  for  the  clean 
and  oxidized  situations,  and  the  environment  includes 
rest-atoms,  thus  softening  the  surface  layer.  We  note 
that  the  adatom  DB  occupation  in  these  cells  are  never 
equal  to  the  expected  value  in  the  7x7,  but  are  similar, 
being  1/12  higher  or  lower  in  the  6  x  3  and  4  x  2-H, 
respectively. 

Our  results  indicate  that  there  are  large  lattice 
relaxations  in  all  cases  upon  O  insertion.  Comparing 
adatom  backbond  insertion,  relaxations  are  stronger  in 
the  4  x  2  cells.  The  adatom  actually  moves  laterally,  as 
also  found  for  regular  surface  atoms  in  the  (1  1  l)Si-H 
surface  [5],  and  this  relaxation  is  easier  in  the  softer 
environment  of  these  cells.  We  find  for  adatom  back- 
bond  adsorption  that  the  faulted  half  is  favored  over  the 
unfaulted  half  by  ~  0.05  eY.  Insertion  in  the  dimer  bond 
is  followed  by  even  stronger  relaxation,  and  releases 
surface  strain  energy.  Accordingly,  the  energy  gain  is 
larger  and  dimer  insertion  is  favored  over  the  unfaulted 
adatom  backbond  by  ~  0.4  eV. 

This  result  would  seem  to  be  in  contradiction  with 
STM  experiments,  insofar  as  dimer  insertion  was  never 


indicated  as  a  possible  candidate  for  STM  image 
features.  We  show  in  Fig.  2  a  comparison  of  isosurfaces 
of  H^ll2  for  the  clean  6x3  cell,  and  for  O  adsorption  in 
the  faulted  adatom  (results  for  the  unfaulted  adatom 
have  similar  character),  and  on  the  dimer  bond. 
Comparing  with  Fig.  1,  adatom  DBs  are  seen  in  the 
first  layer,  and  backbonds  and  dimer  bonds  are  seen  in 
the  second  layer  from  top;  so,  as  expected,  STM  images 
of  the  clean  surface  would  show  mostly  adatom  DBs. 
What  can  be  clearly  seen  is  that  adatom  features  are 
enhanced  by  backbond  O  insertion,  supporting  the 
association  of  the  bright  spots  in  STM  images  with  this 
type  of  O  adsorption.  Furthermore,  it  is  seen  that  dimer 
insertion  bleaches  all  features,  adatoms  included.  While 
O-related  “unoccupied  charge”  distribution  can  be  seen 
in  this  energy  region  for  backbond  insertion,  O  inserted 
in  dimers  are  not  visible  at  all.  So,  even  if  the  STM  tip 
could  reach  the  second  layer,  in  this  bias  there  would  be 
no  states  visible  (in  a  previous  study  of  the  clean  7x7 
surface  by  Qian  and  Chadi,  it  was  shown  that  dimer 
states  should  be  reached  only  at  —  2 — 3  eV).  We 

can  thus  speculate  that  the  dark  spots  appearing 
immediately  upon  oxidation  are  related  to  O  insertion 
in  dimer  bonds.  We  need  further  work  to  be  able  to 
distinguish  the  effects  of  dimer  adsorption  in  faulted  and 
unfaulted  adatoms. 

Summarizing,  we  find  that  O  adsorption  in  faulted 
adatom  backbonds  are  preferred  over  unfaulted  adatom 
backbonds,  and  that  features  related  to  unoccupied 
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states  of  adatom  dangling  bonds  are  enhanced  by 
backbond  oxidation,  supporting  this  assignment  of 
bright  spots  in  STM.  Dimer  insertion  is  favored  by 
-  10  kT  at  room  temperature,  but  seriously  depletes  all 
unoccupied  states  up  to  -  £{.  +  0.5  eV.  It  is  possible  that 
dark  spots  in  STM  images  are  related  to  dimer 
adsorption.  In  this  case,  our  results  support  the  view 
that  oxidation  of  the  (11  l)Si-(7  x  7)  surface  is  dis¬ 
sociative.  since  both  bright  and  dark  spots  are  immedi¬ 
ately  seen  on  oxidation. 
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Abstract 

With  respect  to  the  use  of  (1  1  l)-oriented  silicon  substrates,  the  modification  of  structural  defects  as  well  as 
electrically  and  optically  active  center  spectra  in  solid-phase  epitaxial  recrystallized  rare-earth  doped  Si  layers  has  been 
investigated.  TEM  and  X-ray  diffraction  revealed  the  presence  of  microtwins  and  dislocations  in  very  high  densities 
exceeding  10locm“2  in  (1  1  1)  Si :  (Er,0).  The  formation  of  microtwins  and  dislocations  in  very  high  densities  in  (1  1 1) 
samples  enabled  us  to  observe  some  new  effects  and  improve  the  characteristics  of  rare-earth  doped  Si-based  light- 
emitting  diodes  (LEDs),  in  particular,  to  prepare  avalanching  and  tunneling  diodes  characterized  by  uniform 
breakdown  over  the  whole  area  of  p-n  junction  and  working  at  room  temperature.  Temperature  enhancement  of  the 
rare-earth-related  electroluminescence  (EL)  intensity  in  (111)  LEDs  is  observed  under  avalanche  and  tunnel 
breakdown  of  p-n  junctions.  The  enhancement  is  related  to  the  formation  of  process-induced  deep  level  centers.  New 
centers  emitting  under  reverse  bias  and  characterized  by  the  highest  effective  cross  section  for  the  excitation  of  Er 
ions  were  first  observed.  The  LEDs  with  EL  of  Ho3+  ions  at  room  temperature  have  firstly  been  prepared.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Defects;  Ion  implantation;  Rare-earth  doped  Si;  Light-emitting  structures 


1.  Introduction 

Light-emitting  structures  based  on  Er-doped  mono¬ 
crystalline  Si  have  attracted  considerable  interest  for 
optoelectronic  applications.  To  produce  such  structures, 
Polman  with  co-authors  [1]  suggested  to  use  the  solid 
phase  epitaxial  (SPE)  technique.  In  the  case  of  conven¬ 
tional  dopant  ions,  the  implantation  is  carried  out  in 
(lOO)-oriented  substrates  at  room  temperature.  SPE 
recrystallization  of  layers  amorphized  by  the  Er-ion 
implantation  under  these  conditions  is  followed  by  the 
formation  of  end-of-range  defects  and  hairpin  disloca¬ 
tions,  which  may  be  responsible  for  a  relatively  low 
intensity  of  Er-related  luminescence.  To  prevent  the 
structural  defects  formation,  Franzo  et  al.  [2]  suggested 
implanting  Er  ions  at  77  K.  It  allowed  them  to  prepare 
light-emitting  diodes  (LEDs)  which  demonstrate  a  high 
intensity  of  Er-related  electroluminescence  (EL)  under 
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tunneling  breakdown  of  the  p-n  junction  at  room 
temperature.  To  prevent  the  hairpin  dislocation  forma¬ 
tion,  we  suggested  to  implant  Er  ions  into  (1 1  1)- 
oriented  substrates  at  room  temperature  some  years  ago 
[3].  The  purpose  of  this  paper  is  to  review  our  recent 
results  demonstrating  the  possibilities  of  the  modifica¬ 
tion  of  the  SPE  technique  for  the  engineering  of 
structural  defects  and  electrically  and  optically  active 
centers  as  well  as  improvements  of  luminescence  proper¬ 
ties  of  rare-earth  doped  Si-based  LEDs. 


2.  Experimental 

Er  was  introduced  into  5Qcm  (111)-  and  (100)- 
oriented  n-Cz-Si  wafers  with  a  double  implant  of  2.0 
and  1.6MeV  ions  at  room  temperature.  The  samples 
were  implanted  to  a  dose  of  1  x  1014,  3  x  1014  or 
9  x  1014cm~2,  and  the  doses  for  each  pair  of  implants 
were  identical.  To  enhance  the  luminescence  response, 
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oxygen  ions  were  coimplanted  at  0.28  and  0.22  MeV 
energies,  and  implant  doses  were  one  order  of  magnitude 
larger  than  the  erbium  doses  used.  The  oxygen  implant 
energies  were  chosen  such  that  their  projected  ranges 
matched  those  of  the  Er  implants.  To  fabricate 
Si :  (Ho.O)  LEDs,  the  co-implantation  of  Ho  ions  into 
(1  1  1)  n-Cz-Si  at  2.0  and  1.6  MeV  energies  and 
1  x  10,4cm  2  dose  as  well  as  of  oxygen  ions  at  0.29 
and  0.23  MeV  energies  and  1  x  1015cm  2  dose  was 
carried  out  at  room  temperature.  The  implantation 
produced  a  continuous  amorphous  layer  extending  from 
the  surface  to  a  depth  of  ~0.7f.im.  Annealings  were 
made  in  a  chlorine-containing  atmosphere  at  620  C  for 
1  h  to  induce  the  SPE  recrystallization  of  the  amorphous 
layer  and  at  900  C  for  0.5  h  to  produce  optically  active 
Er-  and  Ho-related  centers  and  reduce  the  density  of 
regrowth  defects.  The  p4  1  -n  !  junction  was  produced 
by  40keV  boron  implantation  at  a  dose  of  5  x  10l5cm  2 
into  the  front  side  of  the  wafer.  The  back  side  was 
implanted  with  phosphorus  at  80keV  and  a 
1  x  101>cm" 2  dose.  Titanium  and  gold  sputtering, 
photolithography,  as  well  as  chemical  etching,  were 
performed  to  prepare  LEDs  with  a  mesa-like  edge 
contour.  SIMS,  RBS.  TEM,  X-ray  diffraction,  transient- 
stimulated  capacitance,  capacitance-voltage,  photolumi¬ 
nescence  (PL)  and  EL  techniques  were  used  to  study  the 
properties  of  Si:(Er.O)  structures.  Structural,  electrical 
and  optical  properties  in  Ho  and  O  ion  co-implanted  Si 
were  also  studied  to  determine  some  details  of  defect 
formation  and  luminescence  processes. 

3.  Results 

TEM  and  X-ray  diffraction  techniques  w?ere  used  to 
study  the  microstructure  of  (1  1  1)  Si:(Er.O)  [4].  TEM 
showed  that  the  SPE-regrowm  layer  consists  of  at  least 
two  sublayers.  The  0.2  pm-thick  sublayer  lies  at  the 
bottom  of  the  regrown  layer  and  contains  small  loop¬ 
like  defects  of  high  density  (so-called  end-of-range 
(EOR)  defects).  The  0.6  pm-thick  sublayer  spreads  from 
the  band  of  the  EOR  defects  to  the  wafer  surface.  Its 
defect  structure  is  more  complex  and  consists  of 
microtwins  and  dislocations.  TEM  and  X-ray  diffraction 
revealed  that  numerous  microtwins  formed  on  the  ( 1  1  1 ) 
planes  parallel  and  inclined  to  the  surface  are  observed 
over  the  entire  upper  sublayer.  The  twins  were  found  to 
be  platelets  with  lateral  dimensions  of  15-30nm  and  a 
thickness  of  about  2-9  nm.  and  their  densities  through¬ 
out  the  regrown  layer  were  nonuniform.  Dislocations 
form  a  dense  spatial  network  propagating  through  the 
upper  sublayer.  The  dislocation  lines  are  rather  highly 
curved  than  being  linear.  It  does  not  allow  us  to  identify 
them  as  hairpin  (V-shaped)  dislocations,  which  are 
observed  in  (100)  Si  layers  recrystallized  by  SPE 
following  amorphization  using  Si  and  Er  ions.  The 


curvature  of  the  dislocation  lines  can  be  due  to  the 
interaction  between  the  dislocations  and  microtwins. 
The  dislocation  densities  observed  in  the  regrown  layers 
were  very  high,  with  densities  exceeding  10,ocm'  2. 
Within  the  implant  fluence  range  studied,  between 
1  x  1014  and  9x  10l4Er/cm2,  the  twin  and  dislocation 
densities  were  observed  to  increase  with  fluence,  w'hile 
the  twin  dimensions  were  found  to  decrease.  The 
changes  in  the  spectrum  of  structural  defects  in  (1  1  1) 
samples,  as  compared  with  the  (100)  sample  spectrum, 
allowed  us  to  observe  some  new'  effects  and  improve  the 
characteristics  of  LEDs.  On  the  basis  of  (111) 
structures,  we  have  prepared  avalanching  and  tunneling 
diodes  (ADs  and  TDs). 

The  first  (111)  ADs  and  TDs  have  been  investigated 
in  Refs.  [3,5],  respectively.  The  EL  spectra  of  the  reverse- 
biased  samples  contain  a  sharp  luminescence  line  at  a 
wavelength  of  X^  1.538  pm  accounted  by  intra-4f  shell 
transitions  of  Er3  5  ions  and  a  relatively  weak  radiation, 
practically  independent  of  the  wavelength.  This  radia¬ 
tion  was  observed  in  both  avalanche  and  tunnel  break¬ 
down  due  to  intraband  transitions  of  hot  carriers  in  Si. 
Fig.  1  shows  the  temperature  dependence  of  the  EL 
intensity  at  X  ~  1.538  pm  (curve  2)  in  AD.  An  enhance¬ 
ment  of  the  Er-related  EL  intensity  takes  place.  On  the 
contrary,  a  weak  temperature  quenching  of  the  EL 
intensity  takes  place  in  (100)  Si:(Er,0)  diodes  [2.6] 
(Fig.  1,  curve  1).  Capacitance  spectroscopy  measure¬ 
ments  showed  that  the  unusual  temperature  dependence 
of  the  EL  intensity  under  fixed  reverse  current  is  related 
to  the  formation  of  deep  level  centers  (hole  traps)  in  the 
lower  part  of  the  forbidden  gap  [3].  The  effective 
concentration  of  the  traps  are  several  times  higher  than 
the  ionized  center  concentration  in  the  space  charge 
layer  before  the  diode  was  switched  into  the  breakdown 
regime.  The  non-exponential  character  of  the  measured 
capacitance  decay  may  be  related  to  the  existence  of 
several  levels  with  different  ionization  energies  or  the 
zone  of  traps  in  the  lower  half.  We  suggest  that  the 
process-induced  dislocations  are  responsible  for  the 


Fig.  I.  Temperature  dependence  of  rare-earth-related  EL 
intensity  in  ADs  and  TDs  at  reverse  bias  in:  1  — (1  00)  Si :  Er :  O 
AD  [6],  2 — (1  1  1 )  Si :  Er :  O  AD  [3],  3 — { 1  1  l)Si:Er:OTD  [7]. 
and  4— (1  1  1)  Si :  Ho:0  AD  [10], 
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levels.  The  drop  of  Er3  + -related  EL  intensity,  as  the 
temperature  decreases  from  190  to  150K  (Fig.  1,  curve 
2),  is  associated  with  the  smaller  width  of  the  space 
charge  layer  and  the  respective  decrease  in  the  concen¬ 
tration  of  Er-related  centers  which  may  be  excited.  The 
tunneling  (111)  LEDs  have  been  investigated  in  Refs. 
[5,7].  Fig.  1  (curve  3)  shows  the  temperature  dependence 
of  the  EL  intensity  at  X  -1.538  pm  [7].  A  temperature 
enhancement  of  the  Er-related  EL  intensity  also  takes 
place. 

The  EL  intensity  as  a  function  of  the  reverse  current 
density  passing  through  the  diode  can  be  described  by 
solving  the  rate  equation  accounting  for  the  excitation 
and  deexcitation  processes  of  Er3  +  ions: 

dN*/dt  =  a j(N  -  N*)/q  -  N*/ t,  (1) 

where  N  and  N*  are  the  total  and  excited  amount  of  Er 
ions,  o  is  the  effective  cross  section  for  excitation,  t  is  the 
lifetime  of  the  excited  state  4II3/2,./  is  the  current  density 
passing  through  the  p-n  structure,  and  q  is  the  electron 
charge.  The  EL  intensity  is  proportional  to  N*  /xVAAi 
where  Trad  is  the  radiative  lifetime  of  Er3+  ions.  At 
steady  state,  solving  Eq.  (1)  gives  the  dependence 

EL(/)/ELmax  =  (<nj/q)/(< rzj/ q  +  1),  (2) 

where  ELmax  is  the  maximum  EL  intensity.  From  a  fit  to 
the  data  measured  in  Ref.  [8],  we  have  obtained 
ox  =  8.7  x  10~20  cm2s  at  300  K.  This  value  is  one  order 
of  magnitude  higher  than  that  obtained  by  the  authors 
in  Ref.  [9]  for  tunneling  (100)  diodes.  Er-related  EL 
intensity  saturation  achieved  under  the  avalanche  regime 
at  current  density  is  one  order  of  magnitude  lower  than 
that  under  the  tunnel  regime.  In  order  to  separate  the 
contribution  of  the  excitation  and  deexcitation  processes 
in  the  increase  of  ax  values,  it  is  possible  to  make 
independent  measurements  of  the  cross  section  o  and 
lifetime  x.  The  EL  transient  during  the  diode  turn-on  is 
described  by  solving  Eq.  (1)  as 

EL(0  ELmax  =l(<rcj/q)/(<rcj/q+l)] 

x  {1  -  exp[— (cr// q  +  \/x)t]}.  (3) 

The  EL  signal  approaches  the  steady  state  with  a 
characteristic  time  Ton  given  by 

1/ton  =  oj /q+  1/t.  (4) 

According  to  Eq.  (4),  the  dependence  of  (l/ton)  on  the 
reverse  current  is  linear.  Its  slope  is  proportional  to  the 
excitation  cross  section  of  Er3+  ions,  cr,  and  its 
intersection  with  the  ordinate  axis  is  equal  to  the 
reciprocal  of  the  lifetime  of  the  Er3+  excited  state 
(1/t).  Fig.  2  (curve  2)  shows  l/ron  as  a  function  of 
reverse  current  for  AD  [8].  A  fitting  of  the  experimental 
time  dependencies  of  EL  intensity  rise  at  different 
current  densities  with  Eq.  (4)  has  given 
o  =  2.3  x  10_,6cm2  and  r  =  380ps  at  300K  [8].  An 
increase  of  a  and  x  by  ~  3.8  times  as  compared  with  the 


Fig.  2.  Reciprocal  time  constant  of  EL  intensity  rise  (ron)  vs. 
the  difference  in  the  operating  (J)  and  threshold  Oth)  reverse 
current  densities  for  centers  studied  in  Si :  Er :  O  ADs  and  TDs; 
1 — (1  00)  TD  [9],  2— (1  1 1)  AD  [8],  3-1  and  3-2— (1 1 1)  TD 
[5]- 


corresponding  data  measured  in  tunneling  diodes 
(Fig.  2,  curve  1,  <Ttlin  =  6  x  10~17cm2  and  xiun  =  lOOps 
[8])  takes  place.  The  higher  excitation  efficiency  under 
the  avalanche  regime  than  that  under  the  tunnel 
breakdown  may  be  due  to  a  change  of  the  energetic 
spectrum  of  hot  carriers  at  the  changes  of  the  break¬ 
down  mechanisms. 

The  study  of  the  kinetics  of  EL  intensity  when  the 
reverse  current  is  turned  on  in  (1  1  1)  TDs  shows  that  the 
same  kind  of  Er-related  light-emitting  centers  is  intro¬ 
duced  in  (1  00)  TDs  as  well  as  in  (1  1  1)  ADs  and  TDs 
(Fig.  2,  curves  1,  2  and  3-1).  In  (1  1  1)  tunneling  LEDs, 
we  have  also  observed  the  formation  of  new  kind  of 
centers  emitting  under  reverse  bias  (Fig.  2,  curve  3-2). 
These  centers  are  characterized  by  the  highest 
cr~7  x  10~16cm2.  Such  diodes  exhibit  the  shortest 
characteristic  rise  time  for  Er-related  EL  in  Si :  (Er,0) 
LEDs. 

The  main  physical  relationships  established  in  defect 
formation  and  luminescence  in  (1  1  1)  Si :  (Er,0)  samples 
enabled  us  to  prepare  the  first  LEDs  with  EL  of  Ho3  + 
ions  at  room  temperature  [10].  The  EL  related  to  the 
internal  4f-shell  transitions  of  Ho3+  ions  from  the  first 
excited  state  (5I7)  to  the  ground  state  (5I8)  is  observed  at 
300  K  in  the  range  from  1.9  to  2.2  pm  [10].  The 
maximum  intensity  of  the  Ho-related  EL  in  Si :  (Ho,0) 
takes  place  at  ~  1.96  pm.  Fig.  1  (curve  4)  shows  the 
temperature  dependence  of  the  EL  intensity  at 
1.96  pm  [10].  A  temperature  enhancement  of  the 
Ho-related  EL  intensity  is  also  observed. 

The  comparison  of  the  experimental  data  concerned 
with  the  structural  defects  and  optical  properties  of 
(111)  Si : (Er,0)  and  Si:(Ho,0)  LEDs  invites  us  to 
suppose  that  electrically  and  optically  active  centers 
belong  to  the  complexes  formed  near  the  dislocations 
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and  containing  rare-earth  ions  and  intrinsic  point 
defects. 


4.  Summary 

The  use  of  the  (1  1  l)-oriented  substrates  enabled  us  to 
modify  spectra  of  structural  defects,  electrically  and 
optically  active  centers.  The  effect  of  temperature 
enhancement  of  the  Er-  and  Ho-related  EL  intensity  is 
associated  with  the  formation  of  deep  level  centers 
introduced  in  the  lower  part  of  the  forbidden  gap.  The 
new  Er-related  light-emitting  centers  have  been  ob¬ 
served.  They  are  responsible  for  the  shortest-ever- 
recorded  characteristic  rise  time  for  Er-related  EL  in 
LEDs  under  breakdown  conditions. 
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Abstract 

Previously,  we  reported  on  the  enhancement  of  Er  photoluminescence  (PL)  in  silicon  upon  mid-infrared  (MIR)  laser 
pulse  fired  at  certain  delay  with  respect  to  Nd :  YAG  pulsed  primary  excitation.  This  effect  was  explained  as  the 
ionization  of  traps  by  the  MIR  beam.  The  shallow  nature  of  the  traps  was  concluded  from  its  temperature  and 
wavelength  dependence.  In  this  contribution,  we  have  studied  temporal  characteristics  of  the  enhancement  effect  as  a 
function  of  the  delay  time  between  the  two  pulses.  Decay  kinetics  of  erbium  PL  measured  at  4  K  was  found  to  show  two 
different  time  constants  of  1  ms  (fast)  and  26  ms  (slow).  A  correlation  between  the  enhancement  effect  and  the  amplitude 
of  the  slow  component  of  the  Er  PL  has  been  observed.  We  also  have  noticed  that  the  enhancement  of  Er  emission  is 
accompanied  by  subsequent  quenching  of  the  slow  component,  indicating  redistribution  of  energy  in  the  system.  Based 
on  the  study,  we  conclude  that  MIR  laser  ionizes  non-equilibrium  traps  whose  thermalization  is  responsible  for  the  slow 
component  of  the  Er  PL.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Erbium;  Photoluminescence;  Free  electron  laser 


1.  Introduction 

Research  on  crystalline  silicon  doped  with  erbium  has 
been  performed  in  the  last  decade  due  to  its  importance 
for  telecommunication.  During  the  last  years  scientists 
tried  to  obtain  efficient  room  temperature  Er3+  lumi¬ 
nescence  by  co-doping  with  oxygen  in  Si  [1]  or  co-doping 
with  Yb  and  Si  nanocrystals  in  Si02  [2],  but  the 
excitation  mechanism  remains  under  dispute.  Experi¬ 
mental  data  are  usually  based  on  experiments  of 
amplitude  and  kinetics  of  Er  PL  under  steady  state 
conditions  as  a  function  of  temperature.  Unfortunately, 
many  processes  can  be  simultaneously  activated  while 
increasing  temperature,  so  a  new  kind  of  approach  has 
to  be  considered.  A  two-beam  experiment  performed  at 
4K  and  done  at  the  Dutch  free  electron  laser  facility 
(FELIX)  offers  such  a  possibility.  In  this  case,  we  can 


*Corresponding  author.  Tel.:  +31-20-525-5644;  fax:  +  31- 
20-525-5644. 

E-mail  address:  manuelf@science.uva.nl  (M.  Forcales). 


selectively  induce  individual  transitions  optically  instead 
of  thermally,  making  the  system  very  attractive  for 
spectroscopic  studies.  As  a  result  of  sample  illumination 
by  the  first  beam  (pulsed  frequency  doubled  Nd :  YAG), 
the  Er3  +  characteristic  transition  at  1.54  pm  is  observed. 
The  MIR  pulse  fired  at  certain  delay  can  produce  both 
enhancement  and  quenching  of  the  Er  PL.  Temporal 
analysis  of  these  effects  is  presented  in  this  work.  A  set  of 
rate  equations  to  model  our  results  will  also  be 
discussed. 


2.  Experimental 

For  details  of  the  experimental  set-up  for  two-beam 
experiments  in  the  MIR,  see  for  example  Ref.  [3].  In  this 
study,  several  different  crystalline  silicon  samples 
implanted  with  erbium  and  oxygen  ions  were  investi¬ 
gated.  While  the  amplitude  and  temporal  characteristics 
of  the  MIR-induced  enhancement  effect  showed  some 
variation  in  different  materials,  the  general  features  were 
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common  in  all  samples.  The  particular  experimental 
data  presented  here  for  illustration  of  the  results  were 
obtained  for  a  sample  prepared  from  Czochralski-grown 
silicon  implanted  with  Er  at  a  dose  of  10l3cm  2  and  co¬ 
implanted  with  oxygen.  The  implantation  was  followed 
at  900 JC  annealing  during  30  min. 


3.  Results  and  discussions 

An  illustration  of  the  MIR-induced  enhancement 
effect  is  shown  in  Fig.  1  for  different  delays.  Extra  PL 
identified  uniquely  as  erbium  emission  initially  grows, 
then  reaches  its  maximum  and  finally  decreases  on  a 
time  scale  of  tens  of  milliseconds.  Temporal  character¬ 
istics  of  the  MIR-induced  enhancement  effect  are  shown 
in  the  inset  of  Fig.  1.  A  time  rise  (Trisc)  of  1ms  is 
observed  while  a  much  longer  component  (tjcc;iv)  around 
26  ms  is  identified  for  the  decay.  Measurements  done  at 
low-  Nd :  YAG  pumping  intensities  [4]  showed  a  max¬ 
imum  enhancement  effect  of  Er  PL  for  very  short  delays 
(W  =  0).  If  we  consider  saturation  of  the  Er  PL,  it 
seems  logical  that  additional  excitation  is  only  possible 
when  Er3  luminescence  is  outside  saturation  regime.  Er 
kinetics  at  1.54  jam,  as  presented  in  Fig.  2,  cannot  be 
fitted  with  a  single  exponent  that  has  a  time  constant  of 
1  ms  (T^r).  A  double  exponent  is  necessary  to  fit  the 
signal  in  the  whole  range.  It  is  interesting  to  notice  that 
we  can  fit  the  slow  component  of  Er  PL  kinetics  (in) 
using  the  value  of  tjcc;1v. 

Although  it  is  not  clear  from  Fig.  1,  enhancement  is 
accompanied  by  a  subsequent  quench  of  the  slow  Er  PL 
component.  By  scanning  the  MIR  photon  quanta  energy 
for  the  enhancement  and  quenching  amplitude,  identical 
wavelength  dependence  are  obtained.  We  therefore 
conclude  that  both  effects  are  related  to  ionization  of 
the  same  levels.  In  order  to  determine  when  the  Er  PL 
enhancement  and  quenching  disappear,  we  performed 


Fig.  1.  Normalized  Er  PL  kinetics  at  4K.  MIR-induced  Er  PL 
enhancement  effect  for  different  delay  times.  As  can  be  seen  in 
the  inset,  the  MIR-induced  Er  PL  enhancement  grows  with  rrjSL. 
(1  ms)  and  disappears  with  x (26  ms). 


Fig.  2.  Normalized  Er  PL  kinetics  at  4K  for  high  Nd:  YAG 
pump  intensities.  The  signal  cannot  be  fitted  with  a  single 
exponent  tj-,  (=  rrjst.).  A  double  exponent  with  xnT  and  to  is 
necessary  to  fit  the  complete  kinetics. 


Fig.  3.  Normalized  Er  PL  kinetics  for  different  temperatures. 
At  r  =  20K.  the  slow  component  is  quenched  after  the 
enhancement,  while  at  40  K  the  slow  component  is  no  longer 
available  so  no  enhancement  is  induced  by  the  MIR  pulse. 


temperature  dependence  measurements.  In  Fig.  3.  the 
normalized  amplitude  at  1.54  pm  is  plotted  for  different 
temperatures.  Above  50  K  both  the  effects  disappear.  A 
closer  look  at  the  low  temperature  kinetics  revealed  that 
the  enhancement  is  only  possible  when  the  slow 
component  is  available. 

Based  on  these  results,  the  following  model  with  a 
schematic  illustration  in  Fig.  4  is  proposed.  We  consider 
the  dynamic  population  via  a  set  of  rate  equations  in 
which  erbium  (Nlir)  and  defect  centers  or  traps  (ND)  are 
excited  by  capturing  excitons  (Acx)  with  a  different 
absorption  cross  sections  (07)  and  with  the  possibility  of 
saturation  for  both  processes: 


dl  /„ 
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where  G  is  the  exciton  generation  term  and  /0  is  the 
effective  decay  time  of  the  excitons.  Solving  the  rate 
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Fig.  4.  A  model  to  explain  MIR-related  enhancement  and 
quenching  of  the  Er  PL.  For  explanation  see  text. 


Er  relaxation  time  (at  4  K),  this  slow  excitation  process 
will  be  directly  reproduced  in  the  kinetics  of  the  Er- 
related  PL  signal  [4].  Alternatively,  carriers  localized  at 
these  traps  can  be  rapidly  ionized  by  the  FEL,  resulting 
in  an  abrupt  increase  of  the  Er  PL.  A  support  of  this 
model  is  obtained  from  the  temperature  dependence  of 
the  MIR-induced  enhancement.  As  the  temperature  is 
increased,  the  thermal  emission  from  traps  becomes 
more  efficient  (and  faster,  for  example  at  50  K  can  be  in 
the  order  of  a  nanosecond).  The  slow  component  of  the 
Er  PL  vanishes  and  the  enhancement  effect  is  no  longer 
possible. 


equations  leads  to  an  exponential  decay  of  NEr(t)  and 
ND(t).  At  the  time  when  the  FEL  pulse  is  triggered  (/Fel) 
only  ionization  of  traps  occurs  because  they  are  shallow 
enough  to  be  ionized  by  the  MIR  photon  quanta  energy 
(70-1 70  me V).  The  Er  excited  state  population  remains 
unaffected,  basically  because  the  Er-related  center  has 
already  transferred  its  energy  to  Er3  +  .  From  /FEl,  we 
can  consider  the  same  system  of  rate  equations,  but 
taking  Gtel  as  the  new  generation  term,  proportional  to 
the  concentration  of  traps  at  the  time  when  the  FEL  is 
fired:  Nd^fel)-  In  this  way,  a  good  description  of  the 
experimentally  measured  enhancement  effect  is  ob¬ 
tained. 

We  will  now  address  the  microscopic  nature  of  the 
slow  rD^26ms  component  appearing  at  1.54  pm  PL 
and  spectroscopically  proved  to  be  Er  emission.  We 
identify  it  as  being  due  to  excitation  of  Er  ions  by 
thermal  emission  from  the  non-equilibrium  traps.  These 
traps  are  populated  by  the  Nd:YAG  pump  pulse  and 
while  returning  to  equilibrium  will  thermally  emit 
carriers,  which  can  then  recombine  exciting  Er  ions. 
Since  the  time  constant  of  thermal  emission  exceeds  the 


4.  Conclusions 

Following  all  the  results  presented  in  this  paper,  we 
conclude  that  the  MIR-induced  enhancement  effect  is 
the  result  of  excitation  of  erbium  ions  by  free  carriers 
released  by  the  MIR  from  non-equilibrium  traps 
available  in  the  host  silicon.  Simultaneously,  we  can 
naturally  explain  the  quenching  effect  induced  optically 
by  the  MIR,  as  the  ionized  traps  can  no  longer  provide 
for  a  slow  excitation  mechanism  of  Er  by  their 
thermalization.  From  temperature  dependence,  we  have 
found  out  that  both  effects  disappear  simultaneously 
above  50  K,  so  we  conclude  that  the  traps  responsible 
for  optical  storage  are  shallow. 
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Abstract 

A  successful  observation  of  Zeeman  effect  on  ErVl  -related  photoluminescence  in  silicon  is  reported.  In  a  sublimation 
MBE-grown  Si/Si  :Er  superlattice,  a  clearly  resolved  splitting  of  major  spectral  components  was  observed  in  magnetic 
fields  up  to  5.5  T.  The  Zeeman  effect  was  also  investigated  for  the  “hot  line"  appearing  in  the  spectrum  upon 
temperature  increase.  Based  on  the  preliminary  analysis  of  the  data,  the  symmetry  of  the  center  responsible  for  the 
dominant  emission  line  is  identified  as  orthorhombic  C:v  Other  spectral  components  originate  from  at  least  two  more 
optically  active.  Er-related  centers  simultaneously  present  in  the  same  sample.  One  of  them  most  probably  has  cubic  Td 
symmetry.  £\  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Photoluminesccnce:  Rare-earth  ions:  Zeeman  effect 


1.  Introduction 

Erbium  in  various  host  crystals  gives  rise  to  the 
characteristic  emission  at  1.54  pm,  due  to  the 
4II3  :->4Ij 5  2  transition  of  the  Er3  f  ion.  Since  this 
particular  wavelength  is  very  nearly  coincident  with  the 
absorption  minimum  of  glass  fibers  used  for  telecom¬ 
munication  networks,  erbium  doping  of  semiconductors 
attracts  considerable  attention.  The  Si:Er  system  is  of 
special  interest  in  view  of  the  highly  successful  and 
versatile  silicon  technology.  As  a  result  of  a  continued 
research  effort,  Si :  Er-based  devices,  such  as  light 
emitting  diodes  and  optical  amplifiers,  have  been 
successfully  developed.  In  contrast  to  that,  many  of 
the  more  fundamental  aspects  of  the  Si :  Er  system  lack 
yet  satisfactory  understanding.  In  particular,  the  micro¬ 
structure  of  the  optically  active  Er  center  in  silicon  is  not 
known. 
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For  Er-doped  GaAs,  a  combination  of  special  growth 
techniques  [1]  and  spectroscopic  investigations  [2^4] 
allowed  the  microscopic  models  of  two  different 
optically  active  centers  to  be  proposed.  In  case  of  Si :  Er, 
the  situation  is  complicated  due  to  a  multiplicity  of  Er- 
related  centers;  more  than  100  emission  lines  have  been 
identified  in  a  high-resolution  infrared  absorption  study 
on  Er-implanted  Si  [5].  These  were  assigned  to  emissions 
from  several,  simultaneously  present  Er-related  centers. 
Moreover,  again  in  contrast  to  GaAs:Er,  but  also  to. 
e.g.,  GaN  :  Er,  individual  centers  could  not  be  separated 
by  excitation  spectroscopy,  indicating  an  (equally) 
strong  lattice  coupling  of  all  the  species.  Prominent 
formation  of  cubic  center  was  shown  by  channeling 
experiments  [6],  which  identified  an  isolated  Er  ion  at  a 
tetrahedral  interstitial  site  as  the  main  center  generated 
in  crystalline  silicon  by  Er  implantation.  The  channeling 
studies  could  not,  however,  conclude  on  optical  activity 
of  an  isolated  Er  interstitial.  Electron  paramagnetic 
resonance  has  not  been,  so  far,  successful  in  identifica¬ 
tion  of  optically  active  Er-related  centers  in  Si  [7],  Also, 
attempts  to  observe  the  Zeeman  effect  in  photolumines- 
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cence  (PL)  of  Si:Er  were  disappointing.  Due  to  the 
earlier  mentioned  inhomogeneous  character  of  the  line 
width,  application  of  magnetic  field  results  in  broad¬ 
ening  and  subsequent  vanishing  of  emission  lines. 


2.  Experimental 

The  recently  developed  sublimation  MBE  technique 
offers  new  possibilities  to  develop  high  quality  Si :  Er 
structures.  The  sample  used  in  the  current  study  has 
been  prepared  by  this  technique  and  features  a  quantum 
structure  of  400  interchanged  Si  and  Si :  Er  layers  of  a 
few  nanometers  thickness.  Following  the  30  min  anneal 
at  800°C,  PL  emission  from  such  a  sample  is  at  least  an 
order  of  magnitude  more  intense  than  for  usual 
materials  prepared  by  ion  implantation.  Photolumines¬ 
cence  spectrum  at  T  —  4.2  K,  depicted  in  Fig.  1,  contains 
only  a  few  lines  of  a  very  small  width:  AE'^lOpeV. 
Upon  temperature  increase,  also  shown  in  the  figure,  a 
higher  energy  “hot  line”  appears.  It  corresponds  to  a 
transition  from  a  higher  lying  multiplet  of  the  41 13/2 
excited  state.  Based  on  the  crystal  field  analysis, 
predominant  formation  of  a  single  type  of  center, 
labeled  Er-1,  has  been  proposed  [8,9].  In  what  follows 
we  will  present  results  of  the  magneto-optical  spectro¬ 
scopy  on  this  material. 

Experiments  were  performed  at  liquid-helium  tem¬ 
perature  using  a  cw  Ar+-ion  laser  operating  at  514.5  nm 
for  sample  excitation.  The  sample  was  placed  in  a  split- 
coil  superconducting  magnet  with  optical  access  (Oxford 
Instruments  Spectromag  4),  providing  magnetic  fields  up 
to  5.5  T.  The  emerging  luminescence  was  dispersed  by  a 
high-resolution  1.5  m  F/l  2  monochromator  (Jobin  Yvon 
THR-1500,  equipped  with  a  600  grooves/mm  grating 
blazed  at  1.5  pm,  and  detected  with  a  liquid-nitrogen 
cooled  Ge  detector  (Edinburgh  Instruments)).  For 


Fig.  1.  PL  spectrum  of  the  multilayer  Si/Si:Er  structure  used  in 
the  current  study,  as  observed  at  two  different  temperatures. 
Individual  lines  are  labeled  as  used  in  the  text. 


polarization  measurements,  a  quarter-lambda  plate 
and  a  linear  polarization  filter  were  used.  The  Zeeman 
effect  was  observed  with  magnetic  field  parallel  to  the 
<011)  and  <100)  crystallographic  directions  of  the 
sample,  the  latter  one  being  also  the  stacking  direction 
of  the  multilayer  structure.  The  experimental  configura¬ 
tion  permitted  the  observation  of  the  luminescence  along 
and  perpendicular  to  the  field  direction. 


3.  Results  and  discussion 

In  the  crystal  field  of  cubic  symmetry,  the  4I15/2 
ground  and  the  4Ii3/2  lowest  excited  states  split  in  two 
doublets  (F6  and  r7)  and  three  quartets  (Tg),  and  three 
doublets  (F6  and  r7)  and  two  quartets  (r8),  respectively. 
The  lower  symmetry  crystal  field  splits  the  remaining 
quartets  into  doublets.  Let  us  now  consider  transitions 
between  two  Kramers  doublets  (belonging  to  a  parti¬ 
cular  configuration  of  a  center  of  a  not  defined 
symmetry).  In  the  magnetic  field  B,  we  should  observe 
a  splitting  of  the  emission  line  into  four  components 
corresponding  to  two  AMj  =  0  (which  are  linearly 
polarized),  and  two  AMj  =  ±  1  circularly  polarized 
transitions.  These  will  appear  at  the  field  dependent 
energies: 

hvu2(B)  =  hv(0)±\(G  -  g)PB 
and 

hvy4(B)  =  hv(0)±^(G  +  g)pB, 

where  G  and  g  are  the  effective  ^-factors  of  the  lower  and 
upper  doublet,  respectively.  In  the  experiment,  we 
conclude  that  neither  of  the  lines  split  off  by  the 
magnetic  field  shows  any  circular  polarization.  This 
indicates  that  we  deal  mostly  with  electric-dipole-type 
transitions,  without  spin  flips.  This  is  to  be  expected  for 
Er,  since  the  strong  spin-orbit  coupling,  characteristic 
for  the  rare-earth  ions,  leads  to  the  admixture  of 
different  excited  configurations  (with  different  L  and  S 
quantum  numbers  but  the  same  J)  to  the  4Ij  multiple ts. 
In  consequence,  the  linearly  polarized  AM]  =  0  transi¬ 
tions  are  usually  orders  of  magnitude  stronger  than  the 
circularly  polarized  AMj  =  ±  1  transitions.  In  the 
magnetic  field,  we  should  expect  to  see  only  transitions 
without  a  change  of  the  effective  spin. 

The  transition  probabilities  for  the  two  lines  are 
equal,  since  they  involve  Kramers  conjugate  states.  Any 
difference  in  the  PL  intensities  reflects  the  difference  in 
the  population  of  the  magnetic  field  split  states  of  the 
upper  doublet.  In  principle,  if  the  spin  lattice  relaxation 
time  is  much  shorter  than  the  radiative  lifetime,  one 
should  be  able  to  determine  the  g-factor  of  the  upper 
doublet  by  comparing  the  line  intensities  as  a  function  of 
B  at  constant  temperature.  Unfortunately,  at  4.2  K,  this 
is  not  the  case.  Studies  of  the  temperature  dependence  at 
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4.5  T  show  that  the  population  of  the  upper  split  state 
decreases  with  increasing  temperature  at  low  tempera¬ 
tures — since  the  relaxation  time  is  temperature  depen¬ 
dent — and  only  above  30  K  the  thermalization  is  really 
fast  enough  to  obtain  any  reliable  (/-factors. 

Figs.  2(a)  and  (b)  show  the  magnetic  field-induced 
splitting  of  the  strongest  PL  line  (marked  1  in  the 
spectrum  depicted  in  Fig.  1)  for  #lj<100>  and 
#||  <0  1  I )  configurations.  As  can  be  seen,  line  1  splits 
in  the  magnetic  field  into  three  components  for 
#|1  <100)  and  five  components  for  #||<0  1  1).  The 
position  of  one  of  them,  in  both  field  orientations, 
almost  does  not  move  with  the  magnetic  field  strength 
"for  this  line,  the  effective  (/-factors  of  the  upper  and 
lower  state  must  be  almost  equal.  Assuming  that  all  lines 
stem  from  one  kind  of  center  and  there  is  no  accidental 
overlap  of  two  PL  lines  from  centers  of  different 
symmetry  at  #  =  0,  we  have  to  consider  a  low  symmetry 
center  with  different  orientations  of  the  (/-tensor  axes  of 
the  possible  configurations  with  respect  to  #  direction. 
Naturally,  each  observed  component  would  then  involve 
transitions  between  two  Kramers  doublets. 

Cubic  Td  or  trigonal  C?v  symmetries  cannot  explain 
the  observed  splitting.  It  corresponds,  however,  very 
well  to  the  orthorhombic  I(C2J  symmetry  type.  The 
number  of  lines  and  their  relative  intensities  reflect  the 
expected  2:1  for  <100)  and  4:1:1  for  <011). 
Unfortunately,  at  this  stage  of  research,  due  to  the  lack 
of  experimental  data  at  other  field  orientations  (e.g., 
<1  1  1))  individual  (/-factors  of  the  upper  and  lower 
doublet  cannot  be  uniquely  determined. 

The  C2^  symmetry  is  also  consistent  with  the  magnetic 
field-induced  splitting  of  the  “hot  line”.  However,  since 
also  in  this  case  we  are  dealing  exclusively  with  AM}  =  0 


transitions,  individual  (/-tensors  of  the  involved  states 
cannot  be  separated.  Even  assuming  that  the  “hot  line” 
belongs  to  the  same  center  as  line  1,  which  is  a 
reasonable  assumption,  we  can  come  up  with  different 
sets  of  (/-factors  giving  an  equally  good  fit.  From 
numerical  analysis,  we  can  only  conclude  that  one  of 
the  g-tensor  values  of  the  lower  doublet  must  be  close  to 
zero. 

The  same  C iv  symmetry  type  is  also  observed  for  line 
4.  We  conclude,  therefore,  that  lines  1,  4  and  the  “hot 
line”  could  correspond  to  the  same  center. 

Lines  2  and  3  behave  quite  differently  to  lines  1,  4  and 
the  hot  line.  For  # along  <100),  line  2  splits  into  three 
symmetrical  pairs.  It  cannot  stem  from  transitions 
between  two  Kramers  doublets  of  whatever  symmetry, 
and  there  must  be  at  least  one  quartet  state  involved. 
Since,  for  #j|  <0  1  1  >  similar  three  pairs  of  lines  are  seen, 
the  center  seems  to  have  a  high  symmetry,  however,  the 
number  of  lines  is  puzzling  (for  transitions  between  a 
cubic  quartet  and  a  doublet  four  lines  are  expected).  At 
high  magnetic  fields  (above  4T),  the  line  positions  do 
not  depend  linearly  on  #  any  more  and  start  to  curve  up 
to  higher  energies  (especially  the  lower  energy  lines). 
Clearly,  there  appears  to  be  some  interaction  between 
the  involved  states.  One  possible  explanation  is  that  we 
deal  with  a  center  of  cubic  symmetry  which  has  a  close 
lying  doublet  and  quartet  state  in  the  excited  state  and  a 
doublet  in  the  ground  state  (or  vice  versa).  There  is  no 
doubt  that  line  2  does  not  belong  to  the  same  center  as 
line  1. 

Line  3  splits  into  four  pairs  at  #||  <  1  0  0)  and  six  pairs 
for  #||  <0  1  1  ).  It  is  clearly  lower  than  the  cubic  site 
symmetry  and  must  involve  transitions  between  more 
than  two  doublets.  The  situation  is  clearer  than  for  line 


Fig.  2.  Magnetic  field-induced  splitting  of  line  I  for  (a)  B\\  <  1  00)  and  (b)  #||  <0  1  1  >  configuration. 
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2.  From  the  analysis  of  the  data,  we  conclude  that  there 
are  two  doublets  in  the  excited  state  separated  by  about 
3  cm-1. 


4.  Conclusions 

Based  on  the  preliminary  analysis  of  the  Zeeman 
effect  data,  we  conclude  that  the  individual  components 
of  the  Er-1  PL  spectrum  originate  from  more  than  one 
(possibly  three)  different  Er-related  optically  active 
centers.  The  symmetry  of  the  most  prominent  one  is 
tentatively  identified  as  orthorhombic  I(C2v).  At  least 
one  of  the  remaining  spectral  components  corresponds 
to  a  cubic  center  (Td).  All  the  observed  PL  lines  are  due 
to  electric  dipole-induced  transitions  without  spin  flips. 
Therefore,  precise  determination  of  0-tensors  at  this 
moment  is  not  possible. 

In  the  continuation  of  the  project,  we  will  investigate 
Zeeman  effect  for  an  arbitrary  field  orientation,  i.e.,  not 
along  the  main  directions,  where  also  circularly  polar¬ 
ized  AMj  =  +  1  transitions  should  appear.  We  will  look 
carefully  at  the  intensity  changes  of  individual  compo¬ 
nents  at  a  higher  temperature  range  T  >  30  K,  as 
induced  both  by  temperature  and  field  increase.  In  this 


way,  we  hope  to  obtain  independent  information  on 
Zeeman  effect  for  the  excited  state,  allowing  for  an 
unambiguous  determination  of  0-tensors.  Also,  the 
polarization  effects  will  be  carefully  investigated. 
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Abstract 

The  only  way  to  obtain  room  temperature  electroluminescence  at  1.54  pm  from  Si  diodes  due  to  intra-atomic 
transitions  of  erbium  is  the  excitation  of  Si02 :  Er  clusters  by  hot  electron  injected  in  a  reverse  biased  diode.  Impact 
excitation  of  erbium  and  thus  electroluminescence  can  be  achieved  in  tunnelling  diodes,  although  at  very  small 
excitation  volume,  which  would  cover  only  a  small  fraction  of  a  wave  guide.  Making  use  of  an  avalanche  process  allows 
one  to  increase  the  excitation  volume  considerably.  This  requires  accurate  control  of  doping  gradients  and  thus 
knowledge  of  the  electrical  activity  and  the  distribution  of  the  implanted  dopants.  We  present  data  from  SIMS  and  Hall 
effect  investigations,  which  demonstrate  significant  deviations  from  TRIM  simulations  of  the  implantation  profiles  and 
the  hitherto  assumed  electrical  activity  of  Er  in  such  environment.  We  present  optimum  parameters  for  design  and 
realisation  of  diodes  working  at  room  temperature,  (f:  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  search  for  Si  based  light  sources  for  integration 
into  Si  technology  is  considered  to  be  of  utmost 
importance  in  semiconductor  physics.  One  of  the  most 
promising  approaches  to  reach  this  goal  is  the  integra¬ 
tion  of  erbium  ions  into  Si  host  crystals.  These  ions  emit 
near  infrared  light  at  a  wavelength  of  1.54  pm  resulting 
from  a  radiative  transition  within  the  4f  shell. 

Depending  on  doping,  annealing  conditions  and  co¬ 
doping  with  light  elements — especially  with  oxygen- 
— erbium  produces  a  big  variety  of  centres  in  silicon. 
These  centres  can  be  distinguished  by  their  characteristic 
luminescence  line  patterns  [1].  For  these  centres  with 
their  well-defined  geometry,  intra-shell  excitation  of  Er 
can  be  achieved  in  a  forward  biased  p-n  junction  via  an 
energy  transfer  from  recombining  electron -hole  pairs. 
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These  devices  show  a  high  internal  quantum  efficiency  at 
low  temperatures  [2]  but  also  strong  thermal  quenching 
of  their  luminescence  above  150K. 

Two  different  mechanisms  are  assumed  to  be  respon¬ 
sible  for  this  quenching:  an  Auger  effect  [3]  and  energy 
back  transfer  of  the  Er  excitation  energy  to  the  host  via  a 
defect  level,  which  seems  also  to  be  participating  in  the 
transfer  of  energy  from  the  host  to  the  Er  4f  shell  [4]. 
This  defect  level  is  characteristic  for  oxygen  co-doped 
Si :  Er. 

One  way  to  reduce  Auger  quenching  is  excitation  in  a 
reverse  biased  p-n  junction.  Here,  Er  is  excited  by  highly 
inelastic  impact  with  hot  electrons  (“impact  excitation") 
injected  to  the  Er-doped  region  in  the  breakdown 
regime.  In  this  case,  the  thermal  quenching  of  lumines¬ 
cence  is  negligible  and  room  temperature  luminescence 
can  be  achieved  [5-7].  The  cross-section  for  the  impact 
excitation,  however,  is  small  and  therefore  the  efficiency 
is  rather  low.  Furthermore,  it  turned  out  that  the 
emission  spectra  of  reverse  biased  diodes  are  modified.  It 
changes  from  the  characteristic  sharp  line  spectra  caused 
by  crystal  field  splitting  with  line  widths  of  less  than 
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1  nm  to  a  less  structured  band  with  a  width  of 
approximately  20  nm. 

These  broad  features  originate  from  Er  in  SiO.Y 
precipitates  [8].  The  incorporation  of  Er  in  SiOA-  clusters 
is  achieved  by  Er  and  O  implantation  and  subsequent 
annealing  above  950°C,  the  threshold  temperature  for 
appreciable  oxygen  migration  and  formation  of  Si02 
precipitates  [9]. 

Impact  excitation  of  erbium  and  thus  electrolumines¬ 
cence  can  be  achieved  in  tunnelling  diodes,  although  at  a 
very  small  excitation  volume.  Electrons  participating  in 
the  impact  excitation  need  an  energy  of  more  than 
0.8  eV.  The  small  mean  free  path  of  these  electrons 
restricts  the  excitation  volume  to  a  layer  of  less  than 
40  nm  thickness  surrounding  the  p-n  junction  [5-7]. 
Making  use  of  an  avalanche  process  allows  one  to 
increase  the  excitation  volume  considerably.  This 
requires  accurate  control  of  doping  gradients  and  thus 
knowledge  of  the  electrical  activity  and  the  distribution 
of  the  implanted  dopants. 

We  find  from  SIMS  measurements,  that  at  the  high 
temperatures  required  for  the  precipitate  formation  in 
our  devices,  the  implanted  Er  profile  remains  practically 
constant,  but  the  distribution  of  the  light  dopants 
changes  significantly.  We  also  find  that  the  as- 
implanted  profiles  deviate  substantially  from  those 
obtained  in  TRIM  code  simulations  [10].  Another 
change  appears  in  the  electrical  activity  of  our  “optical 
dopant”:  Hall  measurements  show  that  the  electrical 
activity  is  rather  low  under  the  preparation  conditions 
used. 

We  discuss  here  the  optimum  parameters  for  design 
and  realisation  of  diodes  working  at  room  temperature 
according  to  our  findings. 


2.  Design  considerations 

An  important  property  entering  design  considerations 
is,  of  course,  the  electrical  activity  of  the  Er  centres.  We 
investigated  our  SiOA  :  Er  precipitates  by  means  of  Hall 
effect  measurements.  The  measurements  were  performed 
on  samples  prepared  by  implanting  Er  and  O  into  high 
resistivity  Si  substrates  (Fig.  1).  Whereas  for  isolated 


centres  a  large  portion  can  be  electrically  active,  for  our 
sample,  we  found  that  the  sheet  concentration  of  the  free 
carriers  is  only  a  few  percent  of  that  of  the  incorporated 
Er  ions  after  annealing. 

The  easiest  way  to  achieve  EL  from  reverse  biased  p-n 
junctions  is  to  produce  diodes  with  large  doping 
gradients  that  show  tunnelling  breakdown  [5-7].  But, 
as  mentioned  above,  the  participating  electrons  with 
sufficient  energy  for  this  kind  of  excitation  have  only  a 
short  ballistic  penetration  range.  Therefore,  only  a  small 
fraction  of  the  incorporated  Er  is  excited  and  the  total 
efficiency  of  such  a  device  is  rather  low.  Laser  operation 
of  such  a  device,  for  example,  would  be  impossible 
because  population  inversion  would  be  excluded  already 
by  geometrical  constraints. 

A  diode  working  in  the  avalanche  breakdown  re¬ 
gime  would  extend  the  excitation  volume  10  times  (see 
Table  1).  In  order  to  get  avalanche  breakdown,  the 
electric  field  strength  has  to  be  adjusted  accordingly. 
This  can  be  done  by  adjusting  the  doping  gradient.  To 
achieve  avalanche  conditions  in  Si  at  room  temperature, 
the  doping  gradient  must  not  exceed  a  value  of 
1023cm-4  [11].  The  doping  gradient  in  implanted 
structures  is  usually  obtained  by  applying  TRIM  code 
simulation.  In  order  to  gain  information  on  the  actual 
structure  of  our  diodes,  we  applied  SIMS  for  two 
different  structures  at  various  annealing  temperatures 
(Fig.  2). 


Er+  300  keV  1x10  cm" 

0+  45  keV  1  x  1015  cm’2 

annealed  at  1000  °C/30  min./  N, 


v 


i  results  without  correction  \ 

» —  carrier  concentration  with  correction  (2  sheets)! 


1000/T 


Fig.  1 .  Carrier  concentration  measured  by  Hall  effect;  substrate 
contribution  was  corrected  by  applying  a  two-sheet  model. 


Table  l 

Parameters  for  tunnelling  and  avalanche  diodes 


Tunnelling 

Avalanche 

Field  strength,  E  (V/cm) 

>106 

<6x  105 

Dopant  gradient  (lin.  graded  junct.)  (cm-4) 

>2x  1023 

<  1023 

Voltage  (V) 

<4£g/e 

>  6Eg/c 

Er  excitation  cross-section  (cm2) 

6x  10-17  [7] 

2.3  x  10  16  [12] 

Excitation  width  (nm) 

40 

500 
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It  turned  out  that  the  experimental  values  for  the 
mean  projected  range  R?  are  about  20%  larger  than  the 
values  obtained  by  simulation  [10].  The  experimental 
values  for  the  range  straggling,  Rv%  are  almost  twice  as 
large  as  TRIM  table  values.  The  same  discrepancy  was 
found  for  Er  implanted  into  amorphous  SiO:,  so 
channelling  effects  appear  unlikely  as  an  explanation. 

Due  to  the  low  electrical  activity  of  Er  under  the 
preparation  conditions  used,  this  difference  would  not 
significantly  change  the  electronic  properties  of  a  diode 


Fig.  2.  Comparison  of  implantation  profiles  for  Er  and  shallow 
dopants  in  p-Si  substrate. 


Fig.  3.  Simulated  doping  profiles  according  to  SIMS  results. 
The  inset  shows  a  typical  structure  for  an  avalanche  diode. 


Fig.  4.  Electroluminescence  spectra  of  an  avalanche  diode 
taken  at  room  temperature.  The  diode  parameters  are  shown 
in  Fig.  3. 


but  it  may  crucially  impair  the  optimal  spatial  overlap  of 
the  Er  profile  with  the  avalanche  excitation  volume. 

Although  the  Er  profiles  are  substantially  deeper 
than  expected  (Fig.  2),  they  do  not  diffuse  at  the  high 
annealing  temperatures  necessary  for  the  formation  of 
SiO.Y :  Er  precipitates.  The  shallow  dopants,  however, 
do  and  this  diffusion  may  alter  the  doping  gradient 
significantly,  and  thus  it  has  to  be  taken  into  account  in 
designing  an  avalanche  breakdown  diode. 

To  adjust  the  doping  gradient  according  to  these 
results,  we  fitted  the  SIMS  data  with  a  Gaussian 
function  containing  exponential  correction  terms.  A 
schematic  diagram  for  our  diode  structure  is  shown  as 
inset  in  Fig.  3.  Although  the  implantation  energies 
stayed  the  same,  the  implantation  doses  and  annealing 
procedure  had  to  be  changed  according  to  the  SIMS 
results.  In  order  to  avoid  excessive  diffusion  of  shallow 
dopants,  a  two-step  implantation  and  annealing  proce¬ 
dure  was  adopted.  After  implanting  Er  and  O  and 
subsequent  annealing  at  1000  C  for  30  min,  an  addi¬ 
tional  lithography  and  annealing  step  was  inserted  for 
arsenic  and  boron,  which  provide  the  contact  and 
background  doping,  respectively.  To  keep  the  diffusion 
low,  the  annealing  temperature  was  lowered  to  400"C. 

With  the  structure  shown  in  Fig.  3,  we  were  able  to  get 
room  temperature  luminescence  of  Er  for  excitation  in 
reverse  bias.  The  intensity  of  the  luminescence  increased 
at  least  one  order  of  magnitude  compared  to  a  similar 
diode  structure  designed  using  TRIM  code  simulations 
only  (Fig.  4). 


3.  Conclusions 

Accurate  control  of  doping  gradients  and  thus 
knowledge  of  the  electrical  activity  and  the  distribution 
of  the  implanted  dopants  are  essential  for  the  location 
and  impurity  gradient  of  the  p-n  junction.  Careful 
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consideration  has,  thus,  to  be  put  into  diode  design  in 
order  to  achieve  avalanche  rather  than  tunnelling 
breakdown  in  a  diode.  TRIM  simulations  turn  out  to 
be  insufficient.  After  adjusting  the  diode  design  accord¬ 
ing  to  SIMS  results,  the  intensity  of  the  electrolumines¬ 
cence  at  room  temperature  increased  by  at  least  one 
order  of  magnitude. 
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Abstract 

We  have  performed  photoluminescence  excitation  spectroscopy  on  molecular  beam  epitaxy  grown  Si :  Er  with  a  high- 
power  near-infrared  laser  pulse.  It  was  found  that  luminescence  from  the  Er* !  ion,  originating  from  the  intra-4f-shell 
transition  41 1 3  2  41 15  2  could  be  induced  by  photon  energies  far  below  the  band  gap  of  the  host  material,  but  above 

energy  of  the  4f-shell  transition.  (<%  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  32.80.Hd;  78.55. Ap 
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The  excitation  mechanisms  of  rare-earth  (RE)  ions 
in  semiconductors  usually  involve  excitons  or  a  RE- 
related  energy  level  in  the  band  gap  of  the  host.  The 
RE-ion  can  be  photo-excited  through  the  conduction 
band  of  the  host  material  [1]  or  directly  to  the  RE  related 
level  [2].  It  is  well  known  that  the  Er* f  ion  can  form  a 
variety  of  complexes  in  the  Si  host  material,  most 
probably  each  with  its  own  level  within  the  band  gap. 
Excitation  spectroscopy  is  a  powerful  method  to 
investigate  these  levels  and  their  role  in  the  excitation 
process.  We  have  performed  excitation  experiments 
using  a  Nd:YAG  (second  harmonic)  pumped  optical 
parametric  oscillator  (OPO)  crystal  to  produce  a  5  ns 
pulsed  laser  beam  with  a  wavelength  range  of  700- 
2200  nm  and  repetition  rate  of  20  Hz.  The  maximum 
pulse  energy  used  in  these  experiments  was  7mJ  at  a 
wavelength  of  700 nm.  The  sample  under  investigation 
was  an  oxygen-rich  Si :  Er  layer  of  1.8  pm.  grown  by 
molecular  beam  epitaxy  (MBE)  at  a  temperature  of 
560~C  on  top  of  a  B-doped  Si  substrate.  Luminescence 
from  the  sample  was  gathered  using  a  single  grating 
monochromator  and  a  near-infrared  photomultiplier 
tube  with  a  flat  response  from  300  to  1600  nm.  The 
sample  was  cooled  to  10  K  in  an  Oxford  Instruments 
closed-cycle  cryostat. 
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After  excitation  of  the  sample  from  the  backside 
(substrate)  with  the  OPO  beam  operating  in  the 
near  infrared,  a  PL  signal  could  be  detected  at 
1.54  pm,  originating  from  the  intra-4f-shell  transition 
4Ii3  2~>4Ii5  2  of  the  RE  ion  Er*  ’  .  Fig.  1  shows  the 
normalized  photo-luminescence  excitation  (PLE)  spec¬ 
trum  measured  at  1539nm  at  a  temperature  of  10  K 
(gray).  The  photon  flux  of  the  OPO-beam  is  indicated 
in  black.  It  is  clear  from  the  picture  that  luminescence 
can  be  observed  for  excitation  photon  energies  between 
the  band-gap  energy  E&  of  the  host  material  and  the 


Fig.  I .  PLE  spectrum  of  Si :  Er  measured  at  a  temperature  of 
10  K,  using  a  high  power  pulsed  excitation  beam. 
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Wavelength  (nm) 

Fig.  2.  Spectrum  of  Si :  Er  measured  for  four  different  excita¬ 
tion  wavelengths.  The  PL  intensity  reduces  for  excitation 
energies  close  to  that  of  the  41 1 3/2  ->“4I 15/2  transition  in  the  4f- 
shell  of  Er3+. 


energy  of  the  intra-4f-shell  transition.  The  cross 
section  for  excitation  decreases  monotonically  with 
smaller  photon  energy  and  vanishes  for  an  energy 
below  this  transition.  No  resonant  features  are  present 
in  the  range  1 125-2200  nm.  Although  multi-photon 
absorption  seems  an  obvious  explanation  for  the 
observed  excitation  spectrum,  the  dependence  of  PL 
intensity  on  OPO-beam  power  shows  a  completely 
linear  behavior,  indicating  other  processes  to  be 
responsible  for  the  excitation  of  the  RE-ion  with  sub¬ 
band-gap  photon  energies.  Fig.  2  shows  the  spectra  of 
the  Er  intra-4f-shell  luminescence  for  excitation  wave¬ 
lengths  from  1310  to  1460  nm.  It  can  be  seen  that  the 
luminescence  intensity  decreases  when  the  excitation 
energy  approaches  the  energy  of  the  intra-4f-shell 
transition. 


Wavelength  (nm) 

Fig.  3.  PLE  spectrum  of  GaAsiEr  measured  at  10  K. 


At  present,  the  observations  cannot  be  explained  by 
any  of  the  (so  far)  considered  models.  For  a  better 
understanding  of  the  processes  responsible,  more 
accurate  measurements  will  be  done  on  a  variety  of 
samples  in  the  near  future.  For  comparison,  the  PLE 
spectrum  for  MBE  grown  GaAs :  Er  was  obtained  using 
the  same  experimental  setup  (Fig.  3).  Although  both 
PLE  spectra  are  very  similar,  the  luminescence  at 
1.54  pm  could  only  be  observed  for  excitation  wave¬ 
lengths  below  1000  nm. 
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Abstract 

Formation  processes  of  shallow  donors  in  Czochralski-grown  silicon  coimplanted  with  rare-earth  ions  and  oxygen 
are  studied.  There  is  no  indication  that  rare-earth  ions  are  components  of  the  structures  of  shallow  donors.  However, 
intrinsic  defects  appear  to  be  involved  in  the  formation  processes.  These  oxygen-related  thermal  donors  survive 
even  at  T  =  900  C.  They  are  responsible  for  the  electrical  conductivity  in  the  implanted  layers  at  cryogenic 
temperatures.  T  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon:  Rare-earth  ions;  Implantation;  Thermal  donors 


1.  Introduction 

Earlier  [1-3]  it  has  been  established  that  in  Czochrals- 
ki-growm  silicon  (Cz-Si)  implanted  with  rare-earth  (RE) 
dopants  (Dy,  Ho.  Er  and  Yb)  and  annealed  to 
T  =  700'C  three  main  kinds  of  donor  centers  make 
their  appearance;  shallow'  donors  at  <£(  - 40meV  and 
deeper  donor  centers  at  %£(  -  (60-80) me V  and 
~£<r  -  (1 10- 140) meV;  see  Fig  1.  All  of  them  were 
found  to  be  oxygen-related,  since  their  formation  takes 
place  only  in  the  presence  of  oxygen,  no  matter  in  Cz-Si 
implanted  with  RE  ions  [1]  or  float-zone  silicon  (FZ-Si) 
coimplanted  with  RE  ions  and  oxygen  [3].  Without 
oxygen  coimplantation  in  FZ-Si  only  one  kind  of 
dominating  donors  at  %  Ec  -  200  meV  can  be  detected: 
see  Fig.  1  and  Ref.  [3].  Besides,  a  comparative  study 
of  various  dopants  in  Cz-Si  allowed  to  conclude  that 
the  position  of  donor  centers  at  ^£c-  -  (60-80) meV 
and  &Ec  -  (1 10-140)meV  are  dependent  on  the 
chemical  nature  of  RE  impurities  [1].  This  is  why  these 
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centers  have  been  identified  as  (RE-oxygen)-related 
complexes  [1-3], 

In  the  present  paper,  most  attention  has  been  paid  to 
the  formation  of  oxygen-related  shallow  donors  respon¬ 
sible  for  the  electrical  conductivity  of  implanted  layers  at 
cryogenic  temperatures. 

2.  Experimental 

The  initial  materials  were  p-type  Cz-Si  wafers  of 
p^20Qcm.  The  oxygen  concentration  varied  over  a 
wide  range,  from  ^2  x  1017  to  1  x  10lscm  3.  In  some 
cases,  n-type  Si :  P  epilayers  of  p  ^  20  D  cm  were  grow  n 
on  low-resisistivity  p-type  Cz-Si  substrates  and  then 
implanted  with  Er  ions. 

RE  ions,  mostly  Er,  w'ere  implanted  at  energies  of  1 .0- 
1.2  MeV.  The  RE  implantation  dose  <P  varied  in 
the  range  of  5  x  10n-l  x  10l3cm"2.  In  the  case  of 
oxygen  coimplantation,  the  energy  of  oxygen  ions  wras 
between  0.11  and  0.1 8  MeV.  The  implanted  samples 
were  annealed  at  T  ~  700'  C  for  30  min  in  a  chlorine 
containing  ambient.  The  radiation  damage  is  mostly 
recovered  at  this  annealing  stage.  At  implantation 
doses  (p(RE)^  5  x  I0ncm  \  the  implanted  layers  of 
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-  70meV  (Er) 

-  80  meV  (Yb) 


- 1 10  meV  (Dy,  Ho) 

-  120  meV  (Er) 


- 200  meV 

9  Shallow  thermal  donors 

(oxygen  aggregates  with 
the  involvement  of 
intrinsic  defects) 


[RE  -  Oxygen] - 
related  complexes 

[RE-0]-l 


- 150  meV  (Yb) 


[RE  -  Oxygen] - 
related  complexes 

[RE-OJ-2 


Fig.  1 .  Donor  centers  determining  the  electrical  conductivity  of  FZ-Si  and  Cz-Si  implanted  with  RE  ions  and  annealed  at  T  ~  700°C. 
The  donor  levels  are  shown  with  respect  to  the  conduction  band  of  silicon. 


about  0.5  pm  in  thickness  became  n-type,  even  in  the 
initially  p-type  Cz-Si  samples. 

Electrical  measurements  of  the  electron  concentration 
in  implanted  layers  versus  temperature,  n(T ),  were  taken 
by  means  of  the  Van  der  Pauw  technique  over  the 
temperature  range  from  T ^20-300  K.  Analysis  of  n(T) 
curves  was  carried  out  on  the  basis  of  the  corresponding 
equations  of  charge  balance  [4,5].  Photoconductivity 
spectra  of  several  implanted  layers  at  cryogenic  tem¬ 
peratures  were  recorded  in  the  range  of  200-800  cm'1 
with  the  aid  of  an  IFS-113V  Bruker  spectrometer.  The 
resolution  was  1  cm-1. 

In  some  cases,  implanted  samples  were  subjected  to 
0.9  MeV  electron  irradiation  at  room  temperature  to 
produce  A-centers  (oxygen-vacancy  complexes)  for 
partial  compensation  of  shallow  donor  states. 

3.  Results  and  discussion 

By  way  of  example,  in  Fig.  2,  three  n(T)  curves  are 
shown  for  the  FZ-Si  epilayers  coimplanted  with  Er  and 
O  ions.  The  Er  dose  was  fixed  at  a  maximum,  #(Er)  = 
1  x  1013cm-2,  whereas  the  dose  of  oxygen  coimplant 
varied  between  cP(O)  =  5  x  1013  and  5  x  1014cm”2. 

Analysis  of  all  the  n(T)  curves  revealed  some 
interesting  features  of  the  donor  formation  processes 
in  Er  implanted  layers. 

First,  at  d>(Er)^5  x  10I2cm“2  the  concentration  of 
shallow  thermal  donors  in  Cz-Si :  Er  with  high  oxygen 
concentrations  (about  1  x  1058cm“3)  varies  directly  with 
the  Er  implantation  dose.  This  observation  is  consistent 
with  our  earlier  conclusion  [3]  that  the  intrinsic  defects 
produced  by  Er  ions  play  a  key  role  as  nucleation  sites  of 
oxygen  aggregates  (shallow  thermal  donors).  In  this 
way,  the  shallow  thermal  donors  are  substantially 
stabilized  as  compared  to  those  usually  formed  during 
oxygen  precipitation  processes  in  conventional  Cz-Si  at 


1 000/T,  K'1 

Fig.  2.  Electron  concentration  against  reverse  temperature  in 
the  Fz-Si  coimplanted  with  Er  and  O  ions  and  annealed  at 
r  =  700°C.  Dose  <P(Er)  =  1  x  1013  cm”2.  Dose  <*>(0)  =  5x 
1013cm~2  (open  circles),  1  x  1014  (solid  circles)  and 
5  x  10 14  cm-2  (solid  triangles).  Concentration  of  shallow  donors 
(open  circles),  2.8  x  10i6cm~3. 

T  =  700°C:  cf.  also  [6-8].  The  shallow  thermal  donors  in 
Cz-Si :  RE  survive  even  after  annealing  to  T  —  900°C 
[1,2].  At  <P( Er)  >  5  x  1012cm~2  there  is  a  pronounced 
trend  towards  saturation  of  the  concentration  of  shallow 
donors  in  Cz-Si :  Er. 

Second,  as  would  be  expected,  the  damage  produced 
by  oxygen  ions  turned  out  to  be  not  so  important  for  the 
formation  of  shallow  thermal  donors.  Actually,  the  total 
concentration  of  shallow  donors  is  close  to  3  x  10,6cm~3 
at  <P(0)  =  5  x  1013  and  1  x  1014cm-2,  whereas  at  <P(0)  = 
5  x  10 14  cm”2  it  even  drops  by  20%;  see  also  Fig.  3.  This 
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slight  decrease  may  be  due  to  increasing  formation  rate  of 
electrically  inactive  oxygen  precipitates  in  oxygen-rich 
samples. 

In  contrast  to  little  importance  of  oxygen  ions  as  a 
damaging  factor,  the  contribution  of  heavy  Er  ions  to  the 
production  of  intrinsic  defects  being  involved  in  the 
formation  of  shallow  donor  centers  can  be  characterized 
in  a  quantitative  way.  Really,  analysis  of  the  curves  n(T) 
shown  in  Figs.  2  and  3  points  to  the  fact  that  the 
production  of  oxygen-related  shallow  thermal  donors  in 
FZ-Si :  Er :  O  versus  FZ-Si :  O  is  enhanced  by  three  times. 
This  observation  agrees  well  with  the  conclusion  con¬ 
cerning  the  involvement  of  intrinsic  defects  in  the  oxygen 
agglomeration  processes.  As  seen  from  Fig.  3,  only  one 
kind  of  shallow  thermal  donors,  similar  to  those  formed 
in  FZ-Si :  Er :  O,  is  also  produced  in  FZ-Si :  O,  thus 
demonstrating  the  involvement  of  Er  ions  in  the  forma¬ 
tion  of  deeper  donor  centers  at  %  Ey  -  70  and  120meV. 

Third,  the  shallow  thermal  donors  considered,  like 
similar  donor  species  formed  during  heat  treatment  of 
conventional  Cz-Si  at  T <700  C  [6],  are  distributed  over 
their  ionization  energies  from  ss40  to  »25meV,  the 
gravity  center  being  placed  at  »40meV.  This  is  evident 
from  the  analysis  of  the  low-temperature  portions  of 
n(T)  curves  whose  slopes  change  over  the  interval  given 
above  with  increasing  Er  dose.  It  is  possible  to  prove  this 
model  in  another  way  by  partial  compensation  of  the 
shallow  donors  due  to  deep  acceptors,  e.g.  vacancy- 
oxygen  complexes  (so-called  A-centers  at  %£(■- 


Fig.  3.  Fragments  of  the  n(T)  curves  shown  in  the  Fig.  2.  For 
comparison  purposes,  the  electron  concentration  against 
reverse  temperature  in  the  same  FZ-Si  implanted  solely  with 
O  ions  at  <f>(0)  =  5  x  1014  cm  2  and  annealed  at  T  =  700  C  is 
also  given  (open  diamonds).  Concentration  of  [ErO]-l  centers 
(open  circles).  2.5  x  l()ir,cm  \  Concentration  of  [ErO]-2 
centers  (open  circles).  1.0  x  1 01  'em  *\ 


170meV  [9])  produced  in  Cz-Si :  Er  layers  subjected  to 
fast-electron  irradiation.  A  compensation  effect  of  shallow 
thermal  donors  due  to  A-centers  in  electron  irradiated  Cz- 
Si :  Er :  O  is  shown  in  Fig.  4.  What  is  more,  the 
quantitative  analysis  showed  that  the  distribution  of  these 
donors  as  well  as  the  concentrations  of  Er-related  deep 
donor  centers  do  not  change  noticeably  after  irradiation, 
so  the  whole  n(T)  curves  for  electron  irradiated  layers  can 
be  described  in  a  satisfactory  way  by  changing  the 
concentration  of  A-centers  only;  see  Fig.  4. 

Fourth,  our  photoconductivity  measurements  on  Dy- 
implanted  layers  revealed  the  presence  of  Thermal 
Double  Donors  (TDDs);  see  Fig.  5.  Their  concentration 
is  roughly  estimated  to  be  about  lO^cm  \  This  family 
of  thermal  donor  states  at  %  Ec  -  70  and 
&E(  -  140  meV  usually  makes  its  appearance  in  con¬ 
ventional  Cz-Si  during  heat  treatment  at  T ^5 00'C;  see 
for  instance  review  paper  [10].  They  are  known  to  be 
unstable  above  T  =  600  C.  After  annealing  of  the  Dy 
implanted  layers  to  7  =  700  C  one  could  expect  to 
detect  the  presence  of  TDDs  in  trace  concentrations 
only,  about  lO'^cm  *\ 

4.  Conclusions 

The  information  gained  in  the  present  work  provides 
additional  strong  support  for  our  earlier  identification  of 
oxygen-related  shallow  thermal  donors  in  Si  implanted 


Fig.  4.  Electron  concentration  against  reverse  temperature  in 
the  Cz-Si :  Er  before  (open  circles)  and  after  fast  electron 
irradiation  (solid  circles).  Dose  <£(Er)  =  1  x  10'’cm  2.  Post¬ 
implantation  annealing  was  performed  at  T  =  700  C.  After  the 
implantation  and  annealing  the  Er-doped  layer  was  irradiated 
with  0.9  MeV  electrons  at  a  dose  1  x  101  cm  2. 
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Wavenumber,  cm 

Fig.  5.  Photoconductivity  spectrum  in  the  Cz-Si:Dy.  Dose  cP(Dy)  =  1  x  1013cm"2.  Postimplantation  annealing  was  performed  at 
T  =  700°C.  The  spectrum  was  recorded  at  T &  30  K  under  bandgap  illumination.  Three  species  of  Thermal  Double  Donors  are 
identified. 


with  RE  impurities,  first  of  all  erbium.  These  shallow 
thermal  donors  are  responsible  for  the  electrical 
conductivity  in  implanted  layers  at  cryogenic  tempera¬ 
tures.  The  contribution  of  intrinsic  defects  produced  by 
heavy  RE  ions  to  the  formation  of  shallow  donor  centers 
has  been  studied  in  detail.  The  intrinsic  defects  serve  as 
nucleation  sites  of  growing  oxygen  aggregates. 
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Abstract 

Photoluminescence  excitation  spectroscopy  is  used  to  study  the  location  of  Er3  f  ions  in  oxygen-rich  silicon  and  its 
excitation  mechanisms.  We  find  that  Er  luminescence  excited  within  the  range  of  the  4In  2  excited  manifold  of  Er3" 
consists  of  two  features:  a  broad  band  independent  of  excitation  wavelength,  /lcxc,  and  a  fluorescence  narrowed  line, 
dependent  on  /.cxc.  These  results  show  that  Er3  f  ions  are  excited  via  two  energy  transfer  channels:  the  first  one  is  due  to 
non-radiative  transfer  of  energy  from  excitons  to  the  4I,3.2  state,  whereas  the  second  one,  leading  to  line  narrowing,  is 
typically  resonant,  site  selective  excitation  of  Er  ions  in  silica  glass.  The  results  show  that  excitable  Er  ions  are  located 
most  probably  within  nano-precipitates  of  Si02  A.  fj  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Ww;  78.55.Hx 

Keywords:  Luminescence:  Excitation  mechanisms:  Silicon  oxide:  Erbium 


1.  Introduction 

Erbium-doped  silicon  is  a  promising  material  for  light 
emitters  operating  at  1.54  pm,  the  most  important 
wavelength  for  optical  communication  and  prospective 
Si-based  optoelectronics  [1].  In  spite  of  many  efforts, 
however,  the  efficiency  of  the  1.54  pm  luminescence  of 
Er3  *  at  room  temperature  (RT)  is  still  too  low  for 
practical  applications.  The  main  reason  for  this  appears 
to  be  an  indirect  excitation  mechanism  for  the  4f  shell  of 
Er3  ’ ,  dominated  by  Auger-type  interaction  with  charge 
carriers  and  excitons  [2].  On  the  one  hand,  charge  carrier 
mediated  mechanisms  of  excitation  ensure  efficient 
energy  transfer  to  Er  centres  at  low  temperatures.  On 
the  other  they  are  also  responsible  for  thermal  quench¬ 
ing  of  the  luminescence. 

The  quenching  can  be  substantially  reduced  by  co¬ 
doping  with  oxygen  [3]  and  also  by  employing  wide  band 
gap  semiconductor  hosts  [4].  Efficient  photolumines¬ 
cence  (PL)  of  Er3  ■’  was  obtained  at  RT  in  disordered  Si- 
based  materials  with  high  oxygen  contents,  such  as 
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porous  silicon  [5],  semi-insulating  polycrystalline  silicon 
[6,7],  or  oxygen-rich  silicon  grown  by  laser  ablation  [8]. 
Moreover,  the  only  Si :  Er-based  light  emitters  operating 
at  RT  were  shown  to  employ  silica  nano-precipitates 
containing  the  Er  [9,10]. 

The  weak  temperature  quenching  of  the  PL  of  Er3  * 
and  lack  of  sharp  emission  lines,  typical  of  oxygen- 
lean  crystalline  Si :  Er  [11],  suggest  that  all  the  Er 
ions  in  oxygen-rich  silicon  layers  are  located  within 
silica  nano-precipitates.  For  such  a  location,  direct 
optical  excitation  of  Er3 '  via  absorption  of  photons 
should,  in  principle,  be  possible.  It  would  result  in 
fluorescence  line  narrowing  (FLN),  as  different  Er 
sites  in  silicon  oxide  precipitates  would  be  selectively 
pumped  [12], 

In  general,  we  should  not  expect  direct  optical 
excitation  to  be  observed  for  pump  wavelengths  in  the 
visible,  because  of  the  much  higher  absorption  cross 
section  of  amorphous  silicon  (a-Si)  than  that  of  Er  and, 
in  effect,  a  dominant  exciton  mediated  transfer  of  energy 
to  the  Er.  On  the  other  hand,  resonant  excitation  of 
Er3 1  ions  should  be  easier  to  observe  near  1  pm,  where 
absorption  in  a-Si  is  relatively  small. 

In  this  work,  we  show  using  PLE  spectroscopy  and 
selectively  excited  PL  that  those  Er3 '  ions  that  can  be 
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excited  optically  in  Si(O) :  Er  are  indeed  located  within 
precipitates  of  SiO*  (or  Si02)  phase. 


2.  Experimental 

The  composition  of  the  investigated  layers  was 
approximately  SiO,  with  an  Er  concentration  of 
~102Ocm“3.  PL  and  PLE  measurements  were  per¬ 
formed  at  helium  temperatures.  PL  was  excited  using  a 
Ti :  sapphire  laser  chopped  at  1 8  Hz  and  detected  with 
liquid  nitrogen  cooled  Ge  detector.  The  spectra  were 
normalised  to  a  constant  excitation  power.  A  quartz 
sample  implanted  with  800  keV  Er  ions  and  annealed  at 
800°C  served  us  as  a  reference. 


3.  Results  and  discussion 

PLE  spectra,  measured  at  5  K,  of  Er3  +  in  our  samples 
of  SiO :  Er  are  presented  in  Fig.  1  for  different  detection 
wavelengths,  hex  •  For  an  excitation  wavelengths,  hxc> 
within  the  range  of  ~  975-986  nm  the  spectra  depend  on 
Adet  and  for  larger  2det,  the  peak  positions  shift  towards 
longer  wavelengths.  On  an  energy  scale,  the  shift  follows 
exactly  a  1:1  correspondence.  For  2exc  beyond  the 
975-986  nm  range  the  PLE  spectra  are  flat  and  do  not 
depend  on  hex- 

Fig.  2  shows  selectively  excited  PL  spectra  of  Er3  + 
near  1.5  pm.  The  spectra  depend  in  a  characteristic  way 
on  the  pump  energy.  For  975<2eXc<986nm  in  each 
spectrum,  a  narrow  PL  can  be  distinguished  whose 
spectral  position  shifts  reflecting  the  changes  of  the 
pump  wavelength.  This  narrow  PL  is  superimposed  on  a 
broad  band  which  does  not  change  in  shape  with  2CXC. 
For  excitation  at  2exc<975nm  and  >990nm  only  a 


Fig.  1.  PLE  spectra  of  Er3  +  in  laser  ablated  silicon  at  7K. 


broad  emission  is  observed.  Its  intensity  depends  slightly 
on  the  pump  wavelength. 

For  comparison,  the  PLE  spectra  in  quartz  implanted 
with  Er  ions  at  800  keV  and  annealed  at  800°C  were 
measured  (Fig.  3).  Similarly  as  in  Fig.  1,  the  peak 
positions  in  the  spectra  follow  the  changes  in  the 
detection  energy.  However,  in  contrast  to  Si(0):Er,  a 
long  wavelength  cut-off,  which  for  increasing  2det  shifts 
to  shorter  wavelengths,  is  clearly  seen.  The  Er  emission 
cannot  be  excited  with  pump  wavelengths  longer  than 
986  nm.  As  a  result,  it  can  be  assumed  that  the  low 
energy  edge  of  the  4In/2  state  is  at  ~  1.2575  eV. 

In  quartz,  excitation  of  the  Er3+  is  achieved  by  optical 
pumping — each  laser  wavelength  can  selectively  excite 
some  Er  centres  having  an  energy  of  the  4In/2  state  at 


Fig.  2.  Site-selective  PL  spectra  of  Er3  +  in  laser  ablated  silicon. 


Fig.  3.  PLE  spectra  of  Er3+  ions  in  quartz  implanted  and 
annealed  at  800°C. 
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resonance  with  the  laser  [12],  Then  multi-phonon 
relaxation  to  the  4 1 1  ^  2  state  of  the  originally  excited 
ion  takes  place  followed  by  emission  near  1.5  pm.  Since 
at  low  temperatures  phonon-absorption-assisted  excita¬ 
tion  of  Er  ions  is  not  possible,  the  centres  having 
energies  of  their  4IM  :  state  higher  than  the  pump  light 
energy,  by  principle,  cannot  be  excited.  Therefore,  a 
long-wavelength  cut-ofT  dependent  on  the  is 
observed  in  the  PLE  spectra  (Fig.  3). 

The  PLE  spectra  and  selectively  excited  luminescence 
of  erbium  show  that  two  excitation  mechanisms  of  Er3  s 
are  active.  The  first  one  is  responsible  for  the  depen¬ 
dence  of  the  PL  on  /.tfXC  and  zt|ol.  This  is  typical  of  site- 
selective  excitation  of  Er  ions  in  glasses  and  quartz 
[12,13].  The  similarities  in  the  PLE  spectra  in  Figs.  1  and 
3  indicate  that  the  local  atomic  environment  around  Er 
ions  in  quartz  and  in  Si(O) :  Er  are  similar.  This  finding 
supports  our  earlier  suggestion  that  Er  ions  in  Si(O) :  Er 
are  located  inside  oxygen-rich  clusters,  presumably 
within  micro-  or  nano-precipitates  of  SiOY.  Taking  into 
account  the  composition  of  the  layers  (Si :  O-  I  :  1)  and 
the  absence  of  sharp  lines  typical  for  the  luminescence  of 
Er  in  crystalline  Si  at  low  temperatures  [11],  this 
conclusion  appears  to  be  justified.  A  larger  inhomoge¬ 
neous  broadening  of  the  PL  bands  in  the  oxygen-rich 
silicon  implies  a  much  larger  variety  of  Er  centres  as 
compared  to  quartz.  Such  a  location  explains  also  the 
low  temperature  quenching  of  the  Er  PL  [10]. 

The  second  excitation  process  is  responsible  for  the 
constant  background  in  the  PLE  spectra  (Fig.  I)  and  the 
broad  emission  observed  for  selectively  excited  PL 
(Fig.  2).  It  can  be  attributed  to  the  excitation  via  the 
band  edge  of  silicon.  As  excitons  are  formed  in  a  silicon 
rich  phase  or  in  Si  micro-precipitates,  which  have  a  band 
gap  Eg  equal  to  that  of  bulk  Si,  only  an  excitation  to  the 
1 2  of  Er  state  is  possible  due  to  non-radiative 
energy  transfer  from  excitons.  The  efficiency  of  such  a 
process  practically  does  not  depend  on  the  excitation 
wavelength  in  this  relatively  narrow  range  of  960- 
lOOOnm.  since  the  absorption  cross-section  of  a-Si  is 
almost  constant  there. 


4.  Summary 

The  results  of  PLE  and  selectively  excited  PL 
measurements  prove  that  Er  ions  in  oxygen-rich  silicon 
are  located  inside  silicon  oxide  clusters  as  they  reveal,  at 


least  in  part,  the  behaviour  typical  of  rare  earth  dopants 
in  glasses.  We  also  show  that  for  such  a  location  two 
excitation  mechanisms  of  Er  ions  are  possible:  (i) 
resonant  optical  excitation  to  the  4In  2  state,  which  is 
responsible  for  fluorescence  line  narrowing,  and  (ii) 
excitation  via  the  band  edge  of  silicon  to  the  4I, ,  2  state. 
The  latter  process  is  responsible  for  broad  luminescence 
in  selectively  excited  PL  and  a  constant  background  in 
the  PLE  spectra. 
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Abstract 

It  is  known  that  emission  from  Er  ions  implanted  into  a  silicon  wafer  can  be  excited  by  illumination  of  the  non- 
implanted  side  of  the  sample.  In  such  a  configuration,  energy  has  to  be  transferred  across  the  entire  thickness  of  the 
sample  (300-500  pm),  which  exceeds  by  two  orders  of  magnitude  absorption  depth  of  a  514.5  nm  line  of  an  Ar  ion  laser. 
We  have  shown  that  for  the  non-implanted  side  illumination  configuration,  the  energy  transfer  process  leads  to  a  delay 
in  the  onset  of  Er  photoluminescence  signal,  whose  magnitude  depends  on  the  excitation  power.  In  the  present 
contribution,  we  investigate  the  microscopic  mechanism  responsible  for  this  delay.  We  postulate  that  it  can  be  related  to 
exciton  dissociation  at  a  p-n  junction  created  by  Er  doping  at  a  Si/Si :  Er  interface.  We  confirm  this  hypothesis  by 
showing  that  the  actual  value  of  the  delay  time  can  be  tuned  by  a  bias  voltage  applied  to  the  junction.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Photoluminescence;  Silicon;  Erbium 


1.  Introduction 

Erbium  doping  of  silicon  has  recently  become  an 
extensively  studied  subject.  The  rare-earth  erbium,  when 
incorporated  in  silicon  in  the  trivalent  charge  state, 
shows  characteristic  luminescence  from  an  intra-4f 
transition  at  a  wavelength  of  1.54  pm.  This  emission 
can  be  observed  both  under  optical  or  electrical 
excitation.  This  optical  doping  technique  seems  to  be  a 
promising  way  around  the  problem  of  the  indirect  band 
gap  of  silicon.  If  sufficiently  high  Er  concentrations 
could  be  incorporated  and  activated,  it  would  become 
possible  to  fabricate  light  emitting  diodes,  lasers,  or 
optical  amplifiers,  based  on  silicon.  This  would  enable 
the  integration  of  optical  and  electronic  technologies  on 
the  same  chip.  Therefore,  a  thorough  understanding  of 
the  microscopic  process  responsible  for  the  energy 
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transfer  between  the  crystalline  silicon  matrix  and  the 
4f-electron  core  of  Er  ions  is  of  prime  importance. 

Some  time  ago  it  was  reported  that  Er  PL  can  be 
generated  from  the  Er-implanted  crystalline  silicon 
wafer  under  conditions  when  the  laser  beam  operating 
in  the  visible  region  is  pointed  at  the  non-implanted  side 
of  a  wafer  [1].  In  such  a  configuration,  excitation  is 
absorbed  at  a  distance  of  350-500  pm  from  the  Er- 
doped  layer.  Careful  investigation  [2]  showed  that  PL 
spectra  obtained  under  implanted  and  non-implanted 
side  excitation  were  identical  in  their  structure.  There¬ 
fore,  the  same  optically  active  centers  are  excited  in  both 
experimental  configuration,  i.e.,  excitation  diffusion 
across  the  bulk  of  the  material  does  not  influence  the 
“final”  excitation  mechanism  responsible  for  the  energy 
transfer  to  the  rare-earth  ion  core.  From  the  measure¬ 
ments  of  the  kinetics  of  the  process,  it  has  been  found 
out  that  for  the  non-implanted  side  excitation,  the  Er- 
related  PL  signal  appears  with  a  considerable  delay  of 
the  order  of  a  few  milliseconds  with  respect  to  the 
excitation  pulse.  The  actual  magnitude  of  this  delay  was 
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found  to  depend  on  the  laser  power.  While  the 
appearance  of  Er-related  PL  upon  the  backside 
illumination  is  normally  attributed  to  long-range 
exciton  diffusion,  the  observed  long  delay  time  was 
inconsistent  with  that  model.  Taking  into  account  the 
appropriate  material  parameters,  i.e.,  exciton  life 
time  and  diffusion  constant,  a  delay  of  a  few  micro¬ 
seconds  can  be  expected,  clearly  at  variance  with  the 
experiment. 

In  the  current  contribution,  we  explore  the  exciton 
dissociation  at  a  p-n  junction  at  Si/Si  :  Er  interface 
as  a  possible  mechanism  responsible  for  the  observed 
delay.  We  report  that  the  actual  value  of  the  delay 
time  can  be  changed  by  bias  voltage  applied  to  the 
junction. 


2.  Experimental 

The  experimental  configuration  used  in  this  study  is 
illustrated  in  Fig.  1.  It  allowed  for  an  easy  change 
between  excitation  of  either  the  implanted  side  or  the 
backside  of  the  sample,  while  a  DC  voltage  (-10  to 
+  10  V)  could  be  applied  by  electrical  contacts  on  both 
surfaces.  In  both  excitation  modes.  PL  was  collected 
from  the  Er-implanted  side.  The  experiments  were 
performed  in  a  closed  cycle  cryostat  in  the  temperature 
range  between  Tx  15  and  150  K.  An  on-off  modulated 
(25  Hz)  argon  laser  operating  at  /  =  514.5  nm  was  used 
as  an  excitation  source.  The  emerging  PL  signal  was 
monitored  with  a  high-sensitivity  germanium  detector 
(Edinburgh  Instruments). 

The  investigation  was  conducted  for  a  low-energy 
(300  keV,  3  x  1012  cnT2  dose)  Er-implanted  oxygen-rich 
p-type  (B-doped)  Cz-Si  wafer  of  approximately  350  pm 
thickness.  The  sample  was  also  co-implanted  with 
oxygen  (40  keV,  3  x  1013  cm'  2  dose)  and  annealed  at 
900  C  in  a  nitrogen  atmosphere  for  30  min. 


3.  Results  and  discussion 


For  the  sample  used  in  the  investigations,  a  strong  PL 
spectrum  was  observed  under  different  excitation  con¬ 
ditions.  Fig.  2  compares  PL  spectra  obtained  with  and 
without  electrical  bias.  As  can  be  seen,  spectral  structure 
is  not  influenced  by  the  bias  and  conclude  that  the  same 
Er-related  optical  centers  are  activated  under  conditions 
of  different  electrical  bias,  as  used  in  the  present  study. 

We  will  first  consider  the  case  of  excitation  by  a  green 
laser  pointed  at  the  wafer  side  opposite  to  the  Er- 
implanted  layer.  In  this  case,  the  relevant  parameters  are 
as  follows:  photon  energy  liv  =  2.4  eV,  absorption 
coefficient  104  cm"1,  and  pumping  intensity  1  = 
3  x  10Kl  enr2  s-1.  To  analyze  the  exciton  diffusion  at 
distance  .v,  we  should  solve  the  diffusion  equation  with  a 
source  of  excitons  near  the  surface  (.v  -  0) 


a*cx  n&Ncx 

0/  0.Y“ 
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+  yJcj(t)exp(~y.x) 
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From  this,  we  can  get  the  exciton  density  flux 
./ex (-V,  /)  =  — Z>0yvtfx/0.Y  at  A*  =  .?!>  3T 1  [3,4]: 


Here  NCX,D,  and  are  the  exciton  concentration, 
diffusion  coefficient,  and  the  exciton  lifetime,  respec¬ 
tively.  We  introduce  parameter  At  -  s2/4D  and  the 
diffusion  length  of  the  excitons  L  =  sjDx cv  The 
parameter  At  determines  the  diffusion-related  time 
delay,  i.e.,  the  time  necessary  for  an  exciton  to  arrive 
at  distance  s  due  to  diffusion.  For  a  reasonable 
parameter  value  of  D  =  90  enr  s~!  [5],  the  time  delay 
At  =  .s2/4D  due  to  diffusion  for  the  distance  of 
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Fig.  1.  Experiment  allowing  for  excitation  either  of  surface  of 
the  sample  or  electrical  bias.  Photolumincsccncc  is  detected 
from  the  Er-implanted  side  of  the  sample. 


Fig.  2.  PL  spectra  obtained  for  non-implanted  side  excitation 
with  and  without  electrical  bias. 
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350  pm  is  about  3.5  ps,  which  is  two  order  of 
magnitude  faster  than  observed  in  the  experiment. 

Having  excluded  exciton  diffusion  across  the  silicon 
wafer  as  a  possible  reason  for  the  long  delay  time 
observed  in  appearance  of  PL  signal,  we  will  now 
consider  change  accumulation  at  Si/Si  :  Er  interface  as 
an  alternative  mechanism.  Indeed,  it  is  generally 
accepted  [6]  that  erbium  implantation  into  oxygen-rich 
silicon  leads  to  the  formation  of  donor  centers  with 
ionization  energies  in  the  0. 1-0.25  eV  range  and 
concentration  comparable  to  that  of  Er  ions.  Since  the 
sample  under  investigation  was  prepared  from  p-type  Si 
([B]  =  1015  cm-3)  and  the  Er  concentration  in  the 
implanted  layer  is  ~1018  cm-3,  a  p-n  junction  should 
occur  in  equilibrium  at  the  boundary  with  the  Er- 
implanted  layer.  The  excitons  arriving  at  the  p-n 
junction  will  therefore  experience  the  electric  field 
related  to  the  depletion  layer  formation.  In  this  field, 
whose  value  can  reach  104  V/cm,  the  exciton  will  be 
divided  into  electrons  and  holes.  These  will  gradually 
accumulate  at  a  junction  lowering  the  potential. 
Excitons  will  start  to  appear  in  the  Er-doped  layer  and 
excite  Er  only  after  the  depletion  region  has  been 
removed  due  to  charge  compensation.  We  can  expect 
that  this  effect  can  be  influenced  by  biasing  the  junction. 
As  illustrated  in  Fig.  3,  the  actual  delay  time  can  indeed 
be  reduced  under  the  forward  bias  condition,  the  effect 
being  very  similar  to  the  earlier  reported  delay  reduction 
upon  increase  of  excitation  density  [2].  Fig.  4  shows  in 
detail  how  the  experimentally  measured  delay  time  can 
be  turned  by  the  electrical  bias  applied  to  the  junction. 
For  the  purpose  of  this  experiment,  contacts  were  made 
with  silver  paste  on  the  opposing  faces  of  the  sample, 
which  was  then  placed  in  the  low-temperature  experi¬ 
mental  set-up  allowing  for  measurements  in  the  two 
illumination  configurations.  In  addition,  DC  voltage 
from  a  stabilized  power  supply  could  now  be  applied, 
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Fig.  3.  Time  development  of  the  Er-related  PL  signal  under 
non-implanted  side  excitation  with  electrical  bias.  The  laser 
pulse  is  also  shown. 


providing  electric  field  across  the  thickness  of  the 
sample.  Prior  to  the  PL  experiment,  we  measured  the 
low-temperature  f—V  characteristics  of  the  sample.  The 
result,  also  depicted  in  Fig.  4,  confirms  that  Er 
implantation  into  a  p-type  silicon  substrate  results  in 
p-n  junction  formation.  We  then  proceeded  to  investi¬ 
gate  the  PL  signal  delay  time  in  the  backside  illumina¬ 
tion  configuration  and  under  the  applied  bias.  While  the 
Er-related  PL  spectrum  did  not  change  (see  Fig.  2), 
the  kinetics  of  the  signal  were  clearly  influenced  by 
the  bias.  As  can  be  seen,  under  conditions  of  reverse 
bias  the  delay  time  can  be  increased  as  the  depletion 
region  increases;  the  delay  time  can  be  brought 
down  to  zero  under  forward  bias.  Following  our 
interpretation,  the  applied  forward  bias  reduces  the 
depletion  region  to  a  level  at  which  excitons 
diffusing  towards  the  Er-implanted  layer  are  no  longer 
destroyed. 

In  order  to  evaluate  quantitatively  if  the  junction 
effect  can  account  for  the  observed  delay,  we  have  to 
estimate  the  time  necessary  to  compensate  the  change  in 
the  depleted  region.  The  width  of  the  depletion  region  is 
controlled  by  boron  doping,  and  at  low  temperatures  is 
given  by 

k£g-(£D  +  £By 2)  (4) 

V  2ne2NB 

where  Eg  is  the  energy  gap,  ED  and  EB  are  the  binding 
energies  of  the  Er-related  donors  and  boron  acceptors, 
respectively,  e  is  the  electron  charge,  and  e  is  the 
dielectric  constant  of  silicon.  The  calculated  depletion 
region  of  about  1  pm  is  situated  predominantly  in  the  p- 
type  layer.  The  negative  charge  (— NBJV)  is  accumulated 
in  the  depletion  region  of  the  p-type  layer,  and  the  same 
positive  charge  (+ ND  WD  =  NB  W)  is  in  the  n-type  layer. 
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Fig.  4.  Delay  time  of  the  Er  PL  observed  for  non-implanted 
side  excitation  as  a  function  of  electrical  bias,  and  I-V 
characteristics  of  the  (p-type)  sample  used  in  the  experiment. 
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The  time  St  which  is  needed  for  the  destruction  of  the 
p-n  junction  can  be  found  from  the  equation 


d  fjcAsy  t) 


N  B  w. 


(5) 


where  yL.x(5,  ()  is  given  by  Eq.  (3).  Assuming  the  fast 
diffusion  process,  we  can  use  the  equilibrium  formula  for 
finding  the  delay  time  St 

6' 0./ exp(-s/L)  =  NkIV.  (6) 


From  here  the  diffusion  length  L  can  be  estimated.  With 
the  experimentally  obtained  value  of  the  delay  time 
St  in  the  millisecond  range,  we  get  T^60  pm.  Such  a 
diffusion  length  corresponds  to  an  exciton  lifetime  of 
tcx  %0,4  ps.  In  our  experiment,  the  lifetime  of  the  free 
excitons  is  controlled  by  capture  at  neutral  boron 
acceptors.  This  assumption  is  supported  by  the  observa¬ 
tion  of  bound  exciton  luminescence  for  non-implanted 
side  excitation.  In  this  case,  we  have 


AWv<r>, 


(7) 


where  <r>  and  are  the  thermal  velocity  and  capture 
cross-section  of  free  excitons,  respectively.  The  calcu¬ 
lated  exciton  lifetime  corresponds  to  <jcx»1.2x 
10~l:i  cm2,  which  is  a  reasonable  value.  Therefore,  we 
conclude  that  the  presence  of  the  p-n  junction  can  lead 
to  the  observed  delay  time. 


4.  Conclusions 

The  characteristic  /.  =  1.54  pm  emission  of  Er*~  ions 
implanted  into  a  silicon  wafer  is  excited  by  an  Ar  laser 


pointed  at  the  non-implanted  side  of  the  sample.  In  this 
experimental  configuration,  energy  is  transferred  across 
the  bulk  of  a  Si  wafer  before  reaching  the  Er-doped 
layer.  It  is  found  that  the  exciton  diffusion  across  a  p-n 
junction  created  by  Er  doping  at  the  Si/Si  :  Er  interface 
leads  to  a  considerable  delay  between  the  excitation 
pulse  and  the  appearance  of  Er-related  PL.  This  is 
caused  by  the  time  necessary  to  accumulate  charge  to 
compensate  the  voltage  at  the  junction  and  prevent 
dissociation  of  arriving  excitons.  It  is  shown  that  the 
particular  value  of  this  delay  time  can  be  changed  by 
application  of  electric  bias  to  the  junction.  Results  of  the 
research  confirm  that  excitons  are  responsible  for  Er 
excitation  in  crystalline  silicon  at  cryogenic  tempera¬ 
tures. 
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Abstract 

The  electrically  active  centers  in  light-emitting  Si :  Er/Si  structures  grown  by  an  original  sublimation  MBE  (SMBE) 
method  are  investigated  using  admittance  spectroscopy  and  deep  level  transient  spectroscopy.  It  is  shown  that  free 
carrier  concentration  in  investigated  structures  is  determined  by  shallow  donors  with  ionization  energies  varying  from 
0.016  to  0.045 eV.  The  essential  difference  between  deep  level  defects  observed  in  SMBE  Si:  Er/Si  structures  and  in 
Si :  Er/Si  structures  produced  by  ion  implantation  is  revealed.  The  causes  of  observed  distinctions  between  electrical  and 
optical  properties  of  SMBE  structures  as  well  as  distinctions  between  SMBE  and  ion  implanted  Si :  Er/Si  structures  are 
discussed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Sublimation  MBE;  Si :  Er/Si  structures;  Electrically  active  centers 


1.  Introduction 

Silicon  doped  with  erbium  has  been  attracting 
attention  as  promising  material  for  producing  effective 
light  emitters  radiating  in  the  range  of  the  maximal 
transparency  of  silica  glass  optical  fibers  (4«  1.5  pm). 
Recently,  there  were  demonstrated  Si :  Er/Si  structures 
with  rather  high  photo-  (PL)  and  electroluminescence 
(EL)  including  PL  and  EL  at  room  temperature 
produced  with  an  original  sublimation  MBE  method 
(SMBE) — MBE  variant,  in  which  molecular  flows  of  Si 
and  Er  are  formed  using  sublimation  of  Si  crystal 
initially  doped  with  Er  and  other  necessary  dopants 
[1^]. 

We  report  here  on  electrically  active  centers  detected 
in  light-emitting  SMBE  Si :  Er/Si  structures  and  their 
transformation  caused  by  post-growth  heat  treatment. 
The  observed  distinctions  between  electrical  and  optical 
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properties  of  SMBE  structures  as  well  as  distinctions 
between  SMBE  and  ion  implanted  Si: Er/Si  structures 
are  discussed. 


2.  Experimental 

We  investigated  uniformly  doped  Si :  Er/Si  structures 
grown  on  n-Si  and  p-Si  substrates  with  (1  00)  orienta¬ 
tion  and  specific  resistivity  of  20,  10  and  0.005  ft  cm. 
The  sublimating  sources  were  plates  cut  from  Si:Er 
ingots  with  Er  and  O  contents  up  to  5  x  1020  and 
1  x  10,9cm-3,  respectively.  The  growth  temperature 
varied  from  400  K  up  to  600  K  and  the  thickness  of 
the  layers  from  0.2  pm  up  to  3  pm.  The  post-growth 
annealing  of  the  structures  was  carried  out  at  T  —  900  K 
in  H2  atmosphere. 

Energy  levels  in  the  band  gap  of  Si  were  investigated 
using  DLTS  and  admittance  spectroscopy  at  the 
temperature  range  from  10  to  350  K.  Admittance 
measurements  were  conducted  in  a  frequency  range 
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from  100  Hz  to  1  MHz.  The  conductance  and 
capacitance  components  of  the  current  passing  through 
the  sample  under  investigation  were  taken  by  synchro¬ 
nous  detection  of  the  signal.  DLTS  measurements  were 
performed  at  400  kHz  using  double  boxcar  integrating 
technique  [5].  Combining  DLTS  and  admittance  mea¬ 
surements  has  allowed  us  to  identify  both  shallow  and 
deep  levels. 

Schottky  contacts  were  prepared  by  thermal  evapora¬ 
tion  of  Pd  onto  the  sample  surface  at  6  x  10  6  torr.  The 
ohmic  contact  was  prepared  by  rubbing  an  In-Ga  alloy 
onto  the  back  surface  of  the  sample  or  evaporating  a 
Schottky  contact  of  large  size  (Si :  Er  layers  on  high- 
resistance  p-Si  substrates). 


3.  Results  and  discussion 

All  investigated  SMBE  Si :  Er  layers  were  n-type, 
irrespective  of  the  growth  temperature  and  annealing 
conditions.  The  free  carrier  concentration  as  it  was 
shown  by  admittance  measurements  was  10l6-10lxcm  3 
at  T  =  300  K  and  was  determined  by  shallow  centers 
with  ionization  energies  of  0.01 6-0.045  eV.  The  back¬ 
ground  contamination  introduced  by  the  apparatus 
during  SMBE  process  was  near  2xlOl3cm  3  [4,6]. 
Note  that  this  estimation  does  not  take  into  account  the 
residual  impurities  containing  in  Si :  Er  sources. 

The  admittance  spectra  C{T)  and  G(T)  shown  in 
Fig.  1  are  taken  at  zero  bias  and  test  signal  frequency  of 
80.6kHz.  Note  that  the  peak  in  G(T)  and  the  step  in 
C(T)  are  caused  by  freezing  out  of  the  carriers  in  the 
neutral  region  of  Schottky  diode  and  the  corresponding 
enhancement  of  its  resistance  which  is  inserted  in  turn 
with  the  capacitance  of  the  space  charge  region.  The 
change  of  test  frequency  results  in  a  shift  of  the  observed 
admittance  spectra  along  the  temperature  axis.  At  the 
bottom  of  Fig.  1  an  Arrhenius  plot  is  given.  The 
ionization  energy  obtained  from  the  slope  of  the 
Arrhenius  plot  has  the  value  of  0.01 6  eV.  During  data 
processing,  w^e  have  considered  the  temperature  depen¬ 
dence  of  the  effective  density  of  states  in  the  conduction 
band  NC(T)~  T3  2  neglecting  the  temperature  depen¬ 
dence  of  the  carrier  mobility. 

The  type  of  conductivity  fixed  by  these  shallow  centers 
and  their  forming  conditions  encourage  to  relate  them  to 
thermal  donors — oxygen-defect  complexes  formed  in  Si 
crystals  under  heat  treatment.  The  role  of  Er  in  forming 
these  centers  is  not  clear  up  to  now.  Probably,  the  Er 
atoms  because  of  their  greater  size  in  comparison  with  Si 
atoms  introduce  appreciable  distortions  to  the  Si  lattice 
and  accelerate  thermal  donor  formation  [7].  There  are 
distinctions  between  the  ionization  energies  of  shallow 
levels  observed  in  SMBE  layers  grown  from  various 
Si :  Er  sources.  Probably,  they  are  caused  by  distinctions 
in  impurity  contents  of  different  Si :  Er  sources,  espc- 


Fig.  1.  Admittance  spectra  of  shallow  impurities  in  SMBE 
Si :  Er/Si  structure.  The  spectra  are  taken  at  frequency  f  = 
8  x  IO2  to  8  x  104  Hz  and  £/bi,s  =  0. 


cially  it  concerns  such  impurities  as  C,  N,  O  which  may 
be  involved  in  the  observed  shallow  defects. 

A  deep  defect  concentration  is  rather  low  in 
investigated  SMBE  structures.  As-growm  layers  show 
usually  a  relative  trap  density  NT/(ND-NA)<0.\. 
The  ionization  energies  are  in  the  range  of 
0.1 5-0.45  eV  (Fig.  2).  Their  concentrations  do  not 
depend  on  the  type  of  the  used  substrate  and  depend 
strongly  on  the  growth  and  annealing  conditions.  Trap 
concentrations  are  maximal  in  layers  grown  at  lower 
temperature  (rgrmv,h  <500  K)  and  decrease  with  increase 
of  ^growth-  The  distinctive  feature  of  these  defects  is  that 
they  are  completely  annealed  by  an  additional  post¬ 
growth  heat  treatment  in  particular  by  an  annealing  at 
900  K  during  30  min  in  H2  atmosphere.  In  contrast,  the 
post-growth  annealing  at  the  same  conditions  causes  the 
transformation  of  light  emitting  centers  but  does  not 
destroy  the  PL  as  a  whole  (Fig.  3).  The  PL  connected 
with  Er3 1  passes  through  the  minimum  at 
7'anncaiinj!  —  750  K  and  then  strongly  increases  up  to 
^"annealing  —  900  K.  It  concludes  that  above  mentioned 
deep  electrically  active  centers  do  not  participate  in  the 
energy  transfer  to  Er3 !  ions.  Most  likely,  they  are 
related  to  growth  defects. 

This  is  the  most  essential  difference  between  the 
electrically  active  centers  observed  in  SMBE  and 
implanted  Si :  Er/Si  layers.  In  implanted  layers,  one 
detects  deep  levels  in  the  range  of  0.1-0. 3eV  including 
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Fig.  2.  DLTS  spectra  of  a  SMBE  Si :  Er/Si  structure  as-grown 
and  after  annealing  (Tgrowth  =  430  K,  annealing  conditions: 
900  K,  30  min.,  H2).  The  DLTS  spectra  are  taken  at 
t window  =  0.6  ms,  I/bias  =  -2V.  1— calibration  pulses,  the  am¬ 
plitude  of  calibration  pulse  is  AC  =  10~3  x  C,  where  C  is  the 
diode  capacitance  at  the  temperature  of  calibration. 


the  level  Ec  —  QA5eV  which  according  to  nowadays 
concepts  is  responsible  for  the  transfer  of  energy  to  Er3  + 

[8] .  In  SMBE  layers  despite  of  the  intensive  PL 
connected  with  erbium  we  could  not  detect  deep  levels 
in  the  same  energy  range.  We  have  summarized  below 
some  results  obtained  from  capacitance  and  PL  experi¬ 
ments  with  the  Si :  Er/Si  structure  uniformly  doped  with 
Er  in  SMBE  process  and  revealing  the  intensive  PL  at 
liquid  helium  temperature.  Its  parameters  are  as  follows: 
the  substrate  is  Si :  B,  20Qcm;  rgrowth  is  500°C;  the 
Si :  Er  layer  width  is  ~2.7pm;  the  structure  was 
annealed  at  800°C  (30  min,  H2).  Free  carrier  concentra¬ 
tion  slightly  increases  from  3  x  10 16  on  the  surface  to 
2  x  1017  cm-3  in  the  interior  of  the  Si :  Er  layer;  Er  and  O 
concentrations  determined  from  SIMS  measurements 
are  1  x  1018  and  3  x  1019cm-3  accordingly.  The  con¬ 
centration  of  optically  active  centers  related  to  erbium 

estimated  from  PL  measurements  is  2  x  1016cnT3 

[9] .  On  the  other  hand,  the  concentration  of  electrically 

active  centers  with  the  ionization  energy  in  the  range  of 
0. 1-0.3  eV  that  could  participate  in  the  transfer  of 
energy  to  Er3+  ions  (via  the  mechanism  of  an  exciton 
capture  [8])  N^r<  \  x  1013cm-3  (DLTS  data).  So,  huge 
distinction  between  and  N$r  revealed  in  this 

experiment  indicates  that  most  probably  the  additional 
channels  of  energy  transfer  to  Er3+  ions  take  place  in 


Wavenumber,  cm‘ 

Fig.  3.  PL  spectra  of  uniformly  doped  Si:  Er/Si  structure 
depending  on  T’anncaling-  Tgrowth  =  430  K  [3]. 


SMBE  Si: Er/Si  structures  in  comparison  with  ion 
implanted  ones. 


4.  Conclusions 

In  this  contribution,  we  have  presented  the  investiga¬ 
tion  of  electrically  active  centers  in  Si :  Er/Si  structures 
produced  by  an  original  SMBE  method.  We  have  shown 
that  the  free  carrier  concentration  is  determined  by 
shallow  donors  with  ionization  energy  of  0.016- 
0.045  eV.  The  most  unexpected  result  is  that  we  have 
not  yet  detected  any  electrically  active  centers  respon¬ 
sible  for  the  energy  transfer  to  Er3+  ions  in  investigated 
SMBE  structures.  So,  we  assume  the  presence  of 
complementary  channels  in  SMBE  structures  for  the 
energy  transfer  to  Er3+  ions  in  comparison  with  ion 
implanted  structures. 
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Abstract 

We  present  the  findings  of  high  efficient  Er3  +  -related  4Ii3/2~4Ii5/2  absorption  and  emission  from  self-assembled 
quantum  wells  (SQW)  embedded  in  silicon  microcavities.  The  microcavities  of  this  art  are  prepared  by  the  short-time 
diffusion  of  boron  into  the  Si(l  00)  wafer  doped  with  erbium.  The  intraband  electron  transitions  accompanied  by 
tunneling  through  strongly  coupled  SQW  series  are  observed  to  excite  the  4Ii3/2^4Iis/2  Er3  + -mtracentre  emission  that 
is  enhanced  in  the  range  of  the  Rabi  splitting  revealed  by  the  transmission  spectra.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Self-assembled  silicon  quantum  wells;  Erbium-related  centres;  Luminescence 


1.  Introduction 

The  preparation  of  erbium-doped  semiconductor 
materials  in  the  nanometer  scale  is  recently  in  progress 
to  yield  both  high  efficiency  and  speed  of  light  emitters 
based  on  the  electroluminescence  induced  by  the  Er3  +  - 
intra-4f-shell  transition,  4Ii3/2-*4Ii5/2,  near  the  wave¬ 
length  equal  to  1.54  pm  that  corresponds  to  minimal 
losses  in  optical  fibers.  Porous  Si  [1]  and  quantum  dots 
in  self-assembled  silicon  quantum  wells  (SQW)  [2]  that 
are  doped  with  erbium  appear  to  provide  a  spatial 
confinement  of  non-equilibrium  electrons  and  holes  near 
the  erbium-related  centres  to  enhance  the  excitation  of 
the  Er3  +  -ions.  Besides,  the  Er3  + -related  intracentre 
luminescence  is  enhanced  from  the  ions  incorporated 
into  the  microcavities  tuned  in  the  range  of  the 
41 1 3/2 -*41 15/2  transitions  [3].  Here  we  report  on  high 
efficient  electroluminescence  from  erbium  doped  SQW 
that  are  embedded  in  silicon  microcavities  revealed  by 
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the  transmission  spectra,  which  is  caused  by  strong 
coupling  the  Er3  +  -ion  f-electron  states  to  the  s-p 
electronic  states  of  the  host  nanostructure. 


2.  Methods 

The  silicon  (100)  wafers  of  the  n-  and  p-type  were 
doped  with  erbium  in  the  process  of  long-time  diffusion 
accompanied  by  surface  injection  of  vacancies.  Erbium 
doping  was  done  at  the  diffusion  temperature  of  1 100°C 
on  the  working  side  of  the  wafers  after  covering  the 
oxide  overlayer  with  a  mask  and  performing  the 
subsequent  photolithography.  Then,  short-time  diffu¬ 
sion  of  boron  and  phosphorus  was  performed  at  the 
diffusion  temperature  of  800°C  from  gas  phase  under 
fine  surface  injection  of  primary  defects,  which  leads  to 
the  ultra-shallow  p+-n  and  n+-p  junctions  (^10nm) 
controlled  using  the  SIMS  and  STM  techniques. 

The  cyclotron  resonance  (CR)  angular  dependencies 
show  that  the  p+-  and  n  + -diffusion  profiles  consist  of 
SQW  divided  by  heavily  doped  ^-barriers  (Fig.  1). 
Besides,  the  self-assembled  microdefects  of  the  self¬ 
interstitials  type  that  penetrate  through  the  p  +  -  and 
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Fig.  1.  The  energy  band  diagram  of  ultra-shallow  silicon  p  '  -n 
(a)  and  if -p  (b)  junctions  that  consist  of  quantum  wells 
divided  by  heavily  doped  (3-barriers. 


n  -diffusion  profiles  are  found  to  be  prepared  by  the 
oxidation  and  subsequent  short  time  impurity  diffusion 
(Fig.  2).  The  STM  images  obtained  demonstrate  the  self¬ 
organization  of  these  microdefects  in  the  microcavity 
system  that  exhibits  a  distributed  feedback  identified  by 
the  FIR  transmission  spectra  (Fig.  3). 


3.  Results 

The  erbium  doped  SQW  embedded  in  microcavities 
obtained  were  studied  using  the  magnetic  susceptibility 


X,  (nm) 


Fig.  2.  STM  images  of  the  ultra-shallow  boron  diffusion 
profiles  prepared  at  diffusion  temperature  of  800  C  into  the 
Si(100)  wafer  covered  previously  by  thin  oxide  overlayer. 
*|[[0  0  1],  Fj|[0  10],Z||[I0  0]. 


and  FIR  transmission  and  electroluminescence  techni¬ 
ques.  The  erbium-related  centres  inside  the  SQW  have 
been  found  to  represent  the  molecular  defects,  in  which 
the  antiferromagnetic  erbium  pairs  bound  by  the  ex¬ 
change  interaction  through  the  action  of  valence  elec¬ 
trons  from  three  oxygen  atoms  [2].  The  temperature  and 
magnetic  field  dependencies  of  the  magnetic  suscept¬ 
ibility  demonstrate  that  the  antiferromagnetic  erbium 
pairs  being  incorporated  into  SQW  exhibit  the 
Van-Fleck  paramagnetism  enhanced  by  the  interplay 
between  the  spin  correlations  and  the  electron-vibration 
interaction  [2]. 

The  optically  induced  intraband  transitions  in  the  p- 
type  strongly  coupled  SQW  (Fig.  la)  that  are  revealed 
by  the  angular  dependencies  of  the  Rabi  splitting  in  the 
transmission  spectra  are  observed  to  cause  the  Auger 
excitation  of  the  41 1 3  2  — ►  41 1  s  2  Er  -intracentre  absorp¬ 
tion  (Figs.  3  and  4).  The  SQW  strong  coupling  seems  to 
be  due  to  the  built-in  electric  field  of  the  ultra-shallow' 
p  f  -n  junctions  which  results  in  the  Keldysh  effect  that  is 
responsible  for  the  spread  of  the  resonance  wavelengths 
up  to  1.6  pm  (Fig.  3d).  Besides,  built-in  electric  field 
gives  rise  to  the  Stark  effect  that  perturbs  p-f  mixing 
caused  by  the  2D  hole  localisation  on  the  Er-related 
centres  incorporated  into  SQW  [2].  This  spatial  confine¬ 
ment  of  the  p-states  and  the  localized  f-electron  states 
has  to  be  enhanced  by  the  SQW  squeezing,  which  leads 
to  high  absorption  efficiency  at  room  temperature 
without  any  quenching  that  is  a  direct  consequence  of 
the  enlarged  range  between  quantum  dimensional  states 
(Figs.  3d  and  4).  Therefore,  the  utmost  in  effective 
energy  transfer  is  observed  owing  to  the  SQW  width 
equal  to  2nm,  w'hen  the  s-p-electron  bandgap  value  is 
found  as  being  equal  to  2.6  eV,  that  allowed  to  record 
the  high  efficient  4 1 1 3  2  — 4 1 1 5  2  electroluminescence  from 
the  n-type  strongly  coupled  SQW  (Fig.  lb)  which  is 
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Fig.  3.  The  transmission  spectra  measured  at  different  angles 
between  the  normal  to  the  Si(l  00)  surface  and  the  light  beam, 
a,  that  causes  the  41 1 3/2 ->4I 15/2  Er3+ -intracentre  absorption  in 
the  p-type  erbium  doped  SQW  embedded  in  the  silicon 
microcavity,  (a)  a  =  — 8°(b)a  =  +2°(c)a  =  +7°  (d)  a  =  +17°. 
The  inserts  in  (b)  and  (c)  depict  the  model  of  self-assembled 
microcavity  systems,  respectively,  in  the  regimes  of  the 
absorption  and  emission. 


characterised  by  the  Er3  +  -multiple!  structure  (Fig.  5a). 
The  number  of  observed  EL  lines  corresponds  to  the 
trigonal  symmetry  of  the  Er-related  centre  (Fig.  5b) 
[2,4].  The  41 1 3/2  -*41 15/2  electroluminescence  is  induced 
by  the  application  of  the  reverse  bias  to  the  n+-p 
junction  that  causes  the  electron  tunneling  from  the 
valence  band  through  the  n-type  SQW  series  (Fig.  lb). 


Mum) 


Fig.  4.  Spectral  dependence  of  the  light  transmission  coefficient 
through  the  p-type  erbium  doped  SQW  embedded  in  the  silicon 
microcavities  tuned  in  the  range  of  the  41 1 3/2  -*4I 15/2  transitions. 


This  resonant  tunneling  is  accompanied  by  the  cascade 
emission  which  is  a  basis  of  the  EL  excitation  which  is 
also  enhanced  by  the  Stark  effect  that  appears  to  mix  the 
Er3  +  f-states  and  the  s-states  of  the  SQW.  Besides,  the 
resonant  electron  tunneling  through  the  SQW  series 
results  in  an  oscillating  character  as  a  function  of  the 
electric  field  value  [2].  The  EL  oscillations  are  followed 
by  the  electron  quantum  confinement  determined  by  the 
dimensions  of  the  silicon  nanostructures  [2]. 


4.  Conclusions 

The  high  efficient  absorption  and  emission  found  in 
the  erbium  doped  silicon  self-assembled  quantum  wells 
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embedded  in  the  microcavity  revealed  by  the  transmis¬ 
sion  spectra  has  been  shown  to  be  due  to  a  fast  energy 
transfer  into  the  4f-shell  transitions  of  the  Er?  *  -ions 
that  is  caused  by  strong  sp— f  mixing  in  built-in  electric 
field. 
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Fig.  5.  The  electroluminescence  spectrum  caused  by  the 
4Ii3  2_>‘4Ii5  2  Er1 '  -intracentre  emission  from  n-type  SQW 
doped  with  erbium,  which  are  embedded  in  the  silicon 
microcavity  (a).  Energy  level  diagram  for  the  trigonal  erbium- 
related  centres  that  is  obtained  from  the  transmission  and 
electroluminescence  data  (b). 
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Abstract 

Extended  X-ray  absorption  fine  structure  measurements  show  that  Er  defects  in  O-poor  Si  closely  resemble  bulk 
Er3Si5  with  long  Er-Si  bonds,  while  in  GaN,  regardless  of  O  content,  Er  substitutes  for  Ga  sites  as  point  defects  with 
unusually  short  Er-N  bonds.  The  structure  and  energetics  of  these  two  systems  were  examined  in  a  series  of  density 
functional  theory  calculations.  The  detailed  findings  and  excellent  agreement  with  the  data  provide  new  insight  into  the 
origin  of  this  very  different  Er-doping  behavior.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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Erbium  as  a  dopant  in  semiconductor  hosts  has 
been  studied  for  more  than  15  years  [1-4],  yet  some  of 
the  most  basic  information  about  the  Er  structures 
remains  controversial  or  unexplained.  Does  Er  occupy 
interstitial  or  lattice  sites  in  the  form  of  point  defects,  or 
are  the  defects  extended  in  the  form  of  precipitates?  How 
does  the  formation  of  Er  defects  depend  on  the  specific 
semiconductor  host  and  on  the  conditions  of  sample 
preparation,  e.g.,  epitaxy  versus  ion  implantation,  Er 
concentration,  or  O  impurities?  Knowing  the  type  of 
defect  formed,  what  is  its  structure? 

This  paper  addresses  each  of  the  above  questions  for 
the  case  of  two  Er-doped  semiconductors,  Si  and  GaN, 
and  in  the  process  reconciles  a  number  of  conflicting 
results  reported  for  Er  defect  structures  [5-11].  Our 
approach  uses  a  combination  of  extended  X-ray 
absorption  fine  structure  (EXAFS)  measurements, 
density  functional  theory  (DFT)  calculations,  and 
simple  chemical  considerations.  Where  appropriate,  we 
also  make  reference  to  scanning  transmission  electron 
microscopy  (STEM)  measurements  discussed  in  a  more 
extensive  study  [12].  We  find  that  in  O-poor  Si,  the 
formation  of  Er-Si  point  defects  is  energetically 
prohibitive  and  experimentally  not  observed.1  Erbium 
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1  In  O-rich  Si,  where  Er  getters  O,  point  defects  of  Er06-like 
structure  are  formed,  cf.,  Ref.  [6]. 


in  Si  forms,  instead,  extended  defects  of  ErSi2_.v 
platelets,  whose  structure  depends  largely  on  Er 
concentration.  By  contrast,  Er  in  GaN  occupies  Ga 
sites  as  point  defects  whose  formation  is  insensitive  to 
the  abundantly  present  O.  We  argue  that  the  difference 
in  types  of  defects  observed  in  Si :  Er  versus  GaN :  Er  is 
traceable  to  the  chemical/energetic  differences  between 
the  metallic  Er-Si  and  ionic  Er-N  bonds. 

The  samples  measured  here  were  grown  by  molecular 
beam  epitaxy  (MBE)  and  are  the  same  ones  used  in 
previous  studies  [13,14].  Two  Si:Er  samples  [13] 
consisted  of  0.1-pm-thick  films,  deposited  in  a 
<5  x  10“ 11  Torr  base  pressure  onto  Si(l  00)  substrates 
at  600°C,  with  total  Er  doses  of  9  x  1013cm-2  and 
5  x  1014cm-2.  They  are  referred  as  high-  ( H )  and  low- 
dosed  ( L )  samples.  Meaningful  volume  concentrations 
cannot  be  established  because  strong  Er  surface 
segregation  was  observed,  i.e.,  the  Er  density  is 
non-uniform.  The  GaNiEr  samples  [14]  consisted  of 
2.5-pm-thick  films,  grown  on  Si(l  1 1)  substrates  at 
750°C, 

with  effective  volume  concentrations  ranging  between 
1-3  x  1020cm~3  for  Er  and  5  x  10ls-5  x  1020cm“3  for 
O.  Erbium  L^-edge  absorption  measurements  were 
performed  at  the  NSLS  using  the  Bell  Laboratories 
XI 5B  beamline  [15].  Samples  were  cooled  <60K  to 
minimize  effects  of  thermal  disorder,  and  data  were 
obtained  using  Er  L3a  fluorescence  yield  detection. 

Theoretical  calculations  of  the  structure  and  ener¬ 
getics  of  Er  in  Si  were  carried  out  with  the  pseudopo- 
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tential  plane  wave  method  implemented  as  Car-Parri- 
nello  molecular  dynamics  [16].  The  generalized  gradient 
density  functional  of  Perdew.  Burke,  and  Ernzerhof 
(PBE)  [17]  was  adopted  because  of  its  demonstrated 
ability  to  produce  accurate  structural  energy  differences. 
The  Er  pseudopotential  was  constructed  using  the 
electronic  configuration  [Xe]4f,l5dl6s2  for  the  all¬ 
electron  atom  and  treating  the  4f  electrons  as  part  of 
the  core  using  the  generalized  norm-conserving  ap¬ 
proach  [18].  Non-linear  core  corrections  [19]  were 
included  in  the  exchange-correlation  energies.  Brillouin 
zone  samples  were  constructed  following  the  Monkhorst 
and  Pack  [20]  method,  and  convergence  was  tested  for 
representative  samples  of  the  various  structures  con¬ 
sidered.  A  cutoff  of  18  Ry  for  the  plane  wave  basis 
yielded  excellent  convergence  of  structural  energy 
differences. 

Fig.  1  shows  Fourier  transform  (FT)  regions  of  the  Er 
Lredge  absorption  data  from  the  GaN :  Er  and  Si :  Er 
samples  and  the  model  compounds  ErN  and  Er3Si5.  For 
clarity,  only  first  nearest-neighbor  shells  are  displayed. 
Qualitative  comparison  between  the  two  Er-doped 
systems  is  striking,  with  the  first-neighbor  bond  lengths 
differing  by  as  much  as  -0.8  A.  Using  standard 
procedures  [21]  and  relevant  distances  in  model  com¬ 
pounds,  we  find  the  average  Er-Si  distance  in  Si :  Er  is 
almost  3  A  long  while  the  Er-N  distance  in  GaN:  Er  is 
the  shortest  measured  bond  length  between  Er  and  any 
other  atom,  including  H. 

Focusing  first  on  Er-doped  Si.  the  filtered,  back- 
transformed  EXAFS  from  the  Er-Si  shell  in  the  H 
sample  of  Si :  Er  (L  is  very  similar)  is  compared  with  that 
of  Er3Si5  in  Fig.  2.  The  Er-Si  distance,  R,  is  —0.04  A 
longer  in  Si :  Er,  and  the  first-neighbor  coordination.  N, 
is  >80%2  of  that  in  Er3Si5. 

A  reliable  local  structure  for  Er3Si5  is  needed  to 
quantify  R  and  /V  in  Si :  Er.  Calculations  for  bulk  Er3Si3 
were  carried  out,  which  proved  important  beyond 
obtaining  local  structure.  The  results  tested  the  overall 
accuracy  of  our  methods  by  comparison  with  X-ray 
diffraction  data  [22].  and  provided  an  energy  reference 
so  that  energies  of  Er  defect  structures  could  be 
presented  relative  to  the  phase-separated  bulk  materials. 
As  shown  in  Fig.  3.  Er3Si5  is  a  vacancy  superlattice 
based  on  the  A1B:  structure  with  one  of  6  Si  missing 
from  each  graphitic-like  Si  layer  [23].  This  structure  was 
optimized,  yielding  lattice  parameters  that  are  within  1  % 
of  experiment  [22].  Internal  relaxations  relative  to  the 
hypothetical  ErSi:  structure  in  Fig.  3  were  found  to  be 
substantial,  with  the  3  Si  around  the  vacancy  moving 


‘This  is  a  lower  limit  on  Ar  because  a  large  fraction  of  the 
surface-segregated  Er  (Ref.  [13])  is  oxidized  upon  air  exposure, 
so  the  total  Er  absorption  used  in  normalizing  N  actually 
reflects  coordination  to  both  Si  and  O  (the  Er  O  FT  peak  at 
/?'ss:T.8A  is  not  shown  in  Fig.  1). 


Fig.  1.  Selected  Fourier-transformed  (FT)  EXAFS  data  from 
Er  doped  in  GaN  and  Si.  along  with  model  compound  data. 
For  clarity,  only  first-neighbor  FT  peaks  are  shown. 


Fig.  2.  Filtered  EXAFS  data  from  back-transforming  the  Er-Si 
FT  peaks  in  Fig.  1.  Also  shown  arc  simulated  Er^SU  data  using 
Er-Si  distances  calculated  here. 

inward  an  average  of  0.43  A.  Such  distortions  result  in  a 
broad  distribution  of  Er-Si  bond  lengths,  2.88-3.32  A. 
The  individual  bond  lengths,  unavailable  from  powder 
diffraction  data  [22],  were  used  as  input  for  the 
simulated  EXAFS  spectrum  shown  in  Fig.  2,  giving 
excellent  agreement  with  experiment.  For  sample  //,  an 
average  R  of  2.97±0.04A  and  N>  6.5  are  obtained 
(note  that  these  values  are  not  arithmetic  means 
because  nearer  shells  are  preferentiallv  weighted  in 
EXAFS  [21]). 

Sample  H  was  investigated  with  STEM  [12]  and  found 
to  contain  (as  originally  suggested  [13])  silicide  pre¬ 
cipitates  within  the  film.  Additionally,  precipitates  were 
found  very  near  the  surface  where  Er  had  segregated. 
Sample  L  showed  similar  signs  of  predominant  silicide 
precipitates  near  the  surface,  but  none  were  found 
within  the  film.  These  results  explain  why  the  EXAFS 
from  L  (not  shown)  closely  resembles  that  from  H ,  and 
why  both  H  and  L  samples  resemble  Er3Si5.  If  point 
defects  are  present  in  L,  they  are  below  experimental 
detection  with  STEM. 
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Fig.  3.  Comparison  between  the  most  stable  Er  silicide  structure  containing  Si  vacancies,  Er3Si5,  and  the  hypothetical  ErSi2  structure. 
For  clarity,  bonds  between  Er  (dark  balls)  and  Si  are  omitted. 


Table  1 


Energies  and  geometries  of  extended  and  point  Er-Si  structures  in  order  of  increasing  energy.  A  is  the  energy  per  Er  referenced  to  the 
separated  phases  of  bulk  Er3Si5  and  Si,  N  is  the  Si  coordination  around  Er,  and  Ravg  is  the  average  Er-Si  distance 


Configuration 

A  (eV) 

N 

7?nvg  (A) 

Bulk 

Er3Si5 

0 

10 

3.03 

ErSi2 

0.3 

12 

3.06 

Extended  2D 

Er-SivAc-Er  bilayer  (closed) 

0.3 

9 

3.01 

Structures 

Er-SivAcr“Er  bilayer  (hollow) 

0.6 

8 

3.01 

Er  monolayer  (closed) 

0.7 

8 

3.01 

Er-Si-Er  bilayer  (hollow) 

0.9 

9 

3.01 

Er  monolayer  (hollow) 

1.2 

6 

3.01 

Point  Defects 

Er-(vacancy)2 

3.9 

6 

2.91 

Er-vacancy 

4.3 

10 

2.96 

Eftcm  interstitial 

4.6 

10 

2.72 

Ersut,stjtutional 

4.6 

4 

2.70 

Since  point  defects  must  exist  in  the  dilute  limit,  it  is 
natural  to  ask  what  the  concentration  limit  is  before  Er 
silicide  precipitates.  Surface  segregation  for  MBE-grown 
samples  at  600°C  limits  this  maximum  concentration  to 
<2  x  10,9Er/cm3  [13],  while  Er  diffusion  upon  anneal¬ 
ing  ion-implanted  samples  at  900°C  for  30  min  limits  this 
to  <5x  1017Er/cm3  [12].  Significantly,  previous  struc¬ 
tural  work  on  Er-doped  Si  [5,6,8-11]  all  looked  at 
samples  with  Er  concentrations  in  excess  of  these  limits, 
meaning  that  it  is  the  structure  of  Er  in  silicide 
precipitates,  not  point  defects  (see  footnote  2),  which 
has  been  studied  thus  far. 

In  addition  to  kinetic  processes,  it  is  important  to 
consider  the  energetics  of  forming  Er  point  defects.  A 
series  of  such  defects  was  constructed  using  a  cubic 
64-atom  Si  supercell.  For  the  tetrahedral  interstitial, 
attempts  to  relax  the  Er  site  symmetry  to  C^v  failed, 
leading  back  to  the  7d  symmetry  imposed  in  previous 
work  [7].  This  structure,  substitutional  Er,  Er  paired 
with  a  Si  vacancy,  and  Er  centered  between  a  near¬ 


neighbor  pair  of  Si  vacancies  all  yielded  very  large 
energy  penalties,  see  Table  1. 

We  next  studied  the  energetics  of  extended  Er  defect 
structures  resembling  silicides.  Our  model  calculations 
used  trigonal  supercells  containing  15-53  atoms,  with 
the  a  lattice  parameter  constrained  to  that  of  bulk  Si  and 
the  c  lattice  parameter  and  all  internal  coordinates  free 
to  relax.  Silicide  precipitates  are  observed  to  grow  as 
(1  1  l)-oriented  platelets  [12,24],  so  our  models  contained 
Er  sheets  between  Si  (1  1  1)  double  layers.  Results  for  the 
different  structures  are  summarized  in  Table  1.  Two 
models  of  Er  monolayers  are  shown  in  Fig.  4,  one 
centered  over  “hollow”  sites  and  one  over  “closed”  sites 
in  the  buckled  Si  bounding  layers.  These  had  70-85% 
lower  energies  than  any  of  the  point  defect  models.  The 
Er  bilayer  models  had  even  lower  energies.  Centering  Er 
over  closed  rather  than  hollow  Si  sites  resulted  in  energy 
reductions  of  0.5  and  0.3  eV  for  the  Er  monolayer  and 
bilayers,  respectively.  Introducing  vacancies  in  the 
quasi-graphitic  Si  layer  between  the  Er  bilayer  gave  an 
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Si  Er  Si  monolayer 
hollow 


Si  Er  Si  monolayer 
closed 


Fig.  4.  Comparison  between  two  extended  defect  structures  resembling  Er  silicidc.  For  clarity,  bonds  between  Er  (dark  balls)  and  Si 
are  omitted. 


additional  0.3  eV  reduction,  paralleling  the  bulk  Er3SL 
result. 

Strong  support  exists  for  our  calculated  structures. 
STEM  data  from  the  MBE-grown  sample  H  show  Er 
monolayers  in  silicide-like  precipitates  with  a  noticeable 
absence  of  stacking  faults  in  the  Si  network  surrounding 
the  platelets  [12],  while  samples  implanted  with  higher 
concentrations  of  Er  show  larger  bilayer  structures  and 
clear  evidence  of  stacking  faults  [12,24].  The  only 
configuration  satisfying  these  conditions  for  both  the 
monolayer  and  bilayer  structures  is  the  one  with  Er 
centered  over  closed-sites,  which  we  calculate  for  each  to 
have  the  lowest  energies.3 

Looking  at  Er-doped  GaN,  we  find  that  Er  behaves 
completely  differently  than  in  Si.  EXAFS  data  show  [14] 
that  Er  occupies  Ga  sites  as  point  defects  up  to 
concentrations  >1021Er/cnr\  that  such  defects  are 
insensitive  to  similarly  high  O  concentrations,  and  that 
the  Er-N  bond  length  of  2. 17  +  0.02  A  is  shorter  than  in 
bulk  ErN  by  0.25  A. 

Our  theoretical  methods  required  modifications  to 
deal  with  the  highly  localized  N  valence  electrons  and 
the  more  localized  Ga  semi-core  d  electrons,  which 
behave  as  valence  electrons  in  the  presence  of  N. 
Convergence  required  the  use  of  adaptive  curvilinear 
coordinates  [26]  and  references  therein,  boosting  average 
plane  wave  cutoffs  of  50  Ry  to  a  maximum  value  of 
212  Ry  where  needed.  A  48-atom  rhombohedral  super¬ 
cell  was  constructed  using  the  theoretically  optimized 
GaN  lattice  parameters,  with  Er  substitution  on  one  Ga 
site.  A  relaxed  Er-N  bond  length  of  2.20  A  was 
obtained,  1.5%  larger  than  the  EXAFS  result  and 
consistent  with  the  1.6%  PBE  overestimate  of  the  GaN 
lattice  parameters.  In  strong  contrast  to  the  Er-Si  point 


3 A  study  of  early  stage  ErSi:  v  growth  on  the  Si(l  1  1) 
surface  also  reported  closed  sites,  cf.  Ref.  [25]. 


defects,  the  energy  penalty  here  relative  to  phase- 
separated  bulk  ErN  and  GaN  was  only  1.2eV. 

The  high  energies  of  the  Er  point  defects  in  Si  are 
relatively  independent  of  coordination  number  and 
bond  length  (see  Table  1).  We  suggest  that  the  much 
lower  energies  of  the  extended  defect  structures  (and  of 
Er3Si5)  arise  from  indirect  metallic  Er-Er  bonding 
mediated  by  Si  layers  [12].  Because  of  the  ionicity  of 
the  ErN  and  GaN  :  Er  systems  [14],  this  energy  lowering 
mechanism  is  not  available,  reducing  the  possible  energy 
that  could  be  gained  by  segregating  ErN  platelets  or 
clusters.  Therefore,  only  direct,  ionic  Er-N  bonds  need 
be  considered,  and  bond  number  versus  bond  strength 
(and  length)  arguments  [14]  are  consistent  with  the  short 
bonds  and  small  energy  penalty  calculated  here  for  the 
Er  point  defects  in  GaN. 
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Abstract 

Er  doped  nc-Si  thin  films  have  been  investigated  by  spectroscopic  ellipsometry  (SE).  The  optical  response  of  Er  ions 
in  a  nc-Si/SiO  matrix  has  been  determined  by  SE.  and  it  has  been  used  to  detect  Er  contents  as  low  as  -0.2 at%.  The 
complex  layered  nanostructure  of  nc-Si :  Er :  O  has  been  resolved  and  it  has  been  found  that  it  is  strongly  influenced  by 
the  Er-doping  and  the  oxygen  in-depth  distribution  profile.  SE  results  are  discussed  in  comparison  with  data  obtained 
by  the  standard  methods  of  the  X-ray  diffraction,  Rutherford  backscattering  and  Raman  spectroscopy,  f  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Spectroscopic  ellipsometry;  Nanocrystallinc  silicon;  Erbium 


1.  Introduction 

Erbium  doped  nanocrystalline  silicon.  nc-Si :  Er,  thin 
films  produced  by  RF  magnetron  sputtering  have  been 
reported  to  be  effective  emitters  at  the  1.54  pm 
wavelength  (corresponding  to  the  intra-4f  transition  of 
Er3  ions)  in  a  wide  temperature  range  from  5  to  300  K 
[1].  Hence,  they  are  attractive  for  applications  in  Si- 
based  optoelectronic  devices.  However,  the  Er  lumines¬ 
cence  intensity  in  nc-Si  thin  films  is  strongly  influenced 
by  the  complex  nanostructure  of  films,  i.e.  the  nano¬ 
crystalline  volume  fraction  and  crystallite  size,  and  by 
the  impurity  content  (mainly  oxygen).  Hence,  it  is 
important  a  detailed  investigation  of  the  “anatomy"  of 
the  nc-Si :  Er,0  films,  i.e..  the  layered  structure,  the  non- 
homogeneous  distribution  of  the  nc-Si  and  a-Si  phases, 
and  the  in-depth  distribution  of  the  SiO  phase,  which  are 
strongly  dependent  on  the  growth  conditions. 
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In  this  contribution,  the  nanostructure  of  nc-Si :  Er,0 
thin  films  deposited  by  the  RF  magnetron  sputtering  is 
analyzed  by  spectroscopic  ellipsometry  (SE).  By  the  SE 
technique,  the  optical  response  of  Er  ions  in  a  nc-Si/SiO 
matrix  has  been  determined  and  used  to  evaluate  Er 
contents  as  low  as  0.2  at%  in  the  layers.  Additionally, 
SE  analysis  reveals  the  complex  layered  structure  and 
impurity  distribution  in  nc-Si :  Er,0  films,  whose  optical 
response  is  described  by  the  Bruggeman  effective 
medium  approximation  (BEMA).  In  contrast,  data 
obtained  by  X-ray  diffraction  and  Raman  spectroscopy 
only  provide  the  average  value  of  the  crystallinity  over 
the  whole  film  thickness.  The  effect  of  the  Er  content  on 
the  structure  of  nc-Si  thin  film  is  discussed. 

2.  Experimental 

Erbium  doped  nanocrystalline  silicon  thin  films  were 
grown  on  glass  substrates  by  the  reactive  magnetron 
sputtering  in  H2/Ar  atmospheres  with  various  H2 
percentages.  The  target  was  a  c-Si  wafer  where  some 
pieces  of  high  purity  (99.99%)  metallic  erbium  were 
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added  for  the  doping.  Growth  parameters,  such  as  the 
temperature,  Tgr,  the  RF  power,  and  the  type  of 
atmosphere  (hydrogen  or  argon  rich)  were  varied  to 
obtain  films  with  different  Er-,  H-  and  O-content  and 
different  crystallinity  and  nanocrystal  grain  sizes,  as 
shown  in  Table  1. 

Spectroscopic  ellipsometry  measurements  of  the  com¬ 
plex  pseudodielectric  function  <e>  =  <ej)  +z‘<e 2)  of 
the  films  were  performed  in  the  range  1.5-5.5eV.  SE 
measured  the  energy  dependence  of  the  ellipsometric 
angles  ¥  and  A,  and,  hence,  of  the  ratio,  p,  between  the 
complex  reflectance  coefficients  of  two  components  of 


the  polarized  light,  rp,  and  rs,  respectively,  parallel  and 
perpendicular  to  the  plane  of  incidence,  according  to  the 
equation: 

p  =  rp/rs  =  tan  ¥  exp(z'd),  (1) 

where  ¥  is  the  amplitude  ratio  (tan  ¥  =  |rp|/|rs|),  and  A 
is  the  phase  difference  (A  =  3P  —  <5S)  between  the  p  and  s 
components.  The  pseudodielectric  function,  <£>,  was 
derived  from  the  p  parameter  through  the  following 
equation  [2]: 

<«>  =  80  sin2  <£0[1  +  tan2  4>0(1  -  p)2/(  1  +  p)2],  (2) 


Table  1 

Growth  conditions  and  sample  parameters  for  undoped  (Si#)  and  Er-doped  (Er#)  nc-Si  filmsa 


Sample 

Tgr  (°C) 

RH 

RF  (W) 

d  (nm) 

Er  (%) 

O  (%) 

Si  (%) 

Av  (A) 

«.V  (%) 

Dr  (A) 

CR  (%) 

Sil3 

250 

0.63 

80 

581 

0 

7 

72 

96 

0.12 

71 

53 

Si  12 

350 

0.63 

80 

511 

0 

5 

80 

64 

0.2 

71 

66 

Erl  3 

250 

0.63 

80 

742 

0.2 

12 

88 

48 

0.02 

73 

75 

Erl2 

350 

0.63 

80 

901 

0.2 

5 

95 

48 

0.13 

78 

67 

Er3 

100 

0.17 

40 

786 

4.7 

16.3 

78 

Basically  amorphous 

aHere  T*  r  is  the  growth  temperature;  RH  determines  the  hydrogen  fraction  in  growth  atmosphere  derived  from  the  ratio  of  partial 
pressures  RH  =  pH2/(pH2  +  pAr);  RF  is  the  RF  magnetron  power;  d  is  the  thickness  of  the  films,  determined  from  the  transmission 
spectra  in  UV-visible  range;  Er,  O,  and  Si  are  elements  content  obtained  by  RBS  method;  Dx  and  ex  are  nc  size  and  strain,  determined 
by  XRD  method,  Z)R  and  cR  are  the  grain  size  and  crystallinity  of  the  films  measured  by  Raman  spectroscopy. 


ENERGY  (eV) 


Fig.  1.  SE  spectra  of  the  imaginary  part,  <£2),  of  the  pseudodielectric  function  of  samples  with  (a)  high  (sample  Er3)  and  (b)  low 
(sample  Erl 2)  Er-content.  Fit  results  according  to  BEMA  models  with  (continuous  lines;  models  B)  and  without  (dashed  lines;  models 
A)  Erbium  inclusion  are  also  shown  together  with  the  corresponding  BEMA  models.  The  inset  shows  the  optical  response  (in  terms  of 
the  refractive  index  n  and  extinction  coefficient  k)  of  Er  ions  in  the  nc-Si/SiO  matrix  as  determined  by  the  least-squares  regression 
analysis  using  a  Lorentzian  oscillators  based  dispersion  equation  in  the  high  doped  sample.  The  fit  goodness,  x2,  and  95%  confidence 
limits  of  fit  parameters  are  also  shown. 
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where  <£()  is  the  angle  of  incident  light  and  e(l  is  the 
ambient  dielectric  function. 

SE  spectra  were  analyzed  in  terms  of  optical  models 
based  on  the  Bruggeman  effective  medium  approxima¬ 
tion  (BEMA)  [3]  applying  the  least-squares  regression 
method  for  the  fitting,  where  the  fit  goodness  was 
estimated  by  the  parameter  y2  [4],  The  95%  confidence 
limit  of  fit  parameters  was  also  evaluated.  The  dielectric 
function  of  a-Si,  nc-Si-fine  grains.  nc-Si-large  grains  and 
silicon  oxides  (Si02,  SiOv,  SiO)  reported  in  Ref.  [5]  were 
used  in  the  BEMA  analysis.  SE  studies  were  refereed  by 
measurements  of  transmission  spectroscopy  for  the 
evaluation  of  the  film  thickness  and  accompanied  by 
the  measurements  of  RBS.  XRD  and  Raman  spectro¬ 
scopy  presented  in  Table  1. 

3.  Results  and  discussion 

Fig.  la  shows  the  experimental  SE  spectrum  of  the 
imaginary  part,  <f;2>,  of  the  pseudodielectric  function 
of  a  nc-Si :  Er.O  film  whose  RBS  analysis  gave  an  Er 
content  of  4.7%  (sample  Er3).  Different  BEMA  models 
have  been  tested  in  the  fit  analysis  of  this  spectrum.  It 
can  be  seen  in  Fig.  la  that  a  two-layer  model  (model  A; 
dashed  curve)  which  only  considers  the  amorphous, 
crystalline  silicon  and  SiO  components  does  not  provide 
a  good  fit.  resulting  in  high  values  of  the  fit  goodness 
parameter,  y2  =  0.89,  and  of  95%  fit  parameters 
confidence  limits.  Therefore,  we  concluded  that  the 
discrepancy  in  the  calculated  spectrum  parameters  could 
be  related  to  the  unaccounted  response  of  Er  impurity. 
Indeed,  after  introducing  in  the  BEMA  model  a 
dispersion  relation  based  on  Lorentzian  oscillators 
describing  the  dielectric  response  of  erbium  ions,  a 
perfect  fit.  with  lower  y2  =  0.009  and  lower  errors  on  fit 
parameter  (layer  thickness  and  constituent  volume 
fractions),  was  obtained  (model  B;  solid  line),  yielding 
a  volume  fraction  of  Er  of  about  5%  (see  model  B),  in 
excellent  agreement  with  the  RBS  results.  The  deter¬ 
mined  dielectric  response  of  erbium  ions  in  a  nc-Si/SiO 
matrix  used  for  the  fitting  models  is  shown  in  the  inset  of 
Fig.  1. 

The  sensitivity  of  SE  to  the  Er  content  was  also 
tested  in  samples  with  low  Er-contents  ( <  1  %).  Fig.  lb 
shows  the  experimental  and  fit  spectra  for  a  sample 
with  0.2%  of  Er,  as  determined  by  RBS  (sample  Erl 2). 
By  the  inclusion  of  a  0.3%  volume  fraction  of  Er 
ions,  the  fit  goodness  parameter  y2  decreases  by  a 
factor  3,  and  also  errors  on  fit  parameter  decrease 
(see  best  fit  BEMA  models).  In  this  case,  the  contribu¬ 
tion  of  Er  to  the  fit  improvement  is  better  seen  in  the 
low  energy  region  (below  2.5  eV)  where  the  optical 
response  of  Er  reveals  the  strong  absorption  (see  inset  in 
Fig.  la).  It  is  worthy  to  note  that  the  estimations  of 
concentration  performed  by  SE  analysis  are  in  good 


accordance  with  the  RBS  values  not  only  for  Er  but  also 
for  O  atoms  (compare  the  models  and  the  values  in 
Table  1). 

A  strong  influence  of  the  Er-doping  on  the  nanos¬ 
tructure  and  optical  properties  of  thin  nc-Si  films  has 
been  found.  Fig.  2  contrasts  the  <a2>  spectra  of  nc-Si 
films  grown  in  identical  conditions  with  (samples  Erl 2 
and  Erl 3)  and  without  (samples  Si  12  and  SiO)  Er- 
doping.  The  #12  and  #13  samples  only  differ  in  the 
growth  temperature  of  35CEC  and  25CTC,  respectively. 
The  comparison  of  SE  spectra  obtained  for  both  sets 
shows  that  the  inclusion  of  Er  increases  the  amplitude  of 
the  pseudodielectric  function,  smoothes  and  nears  the 


SiO  y2  =  0. 1 1 

18±l  Cr  ne-Si-1 
72±ltfSiO  96±9A 
1 38±4  A  I  Oil  voids 

51±ICf  nc-Si-f  2 106161 A 
308  2+76  A  910.5CJ  SiO 

40+1  a-  Si 

46±17mc-Si-I  3842+7 1 A 
2 1 76±7 1 A  2 1  ±19?  SiO 

33±!  Avoids 

Corning 

Fig.  2.  SE  spectra  of  the  imaginary  part,  <£:>,  of  the 
pseudodielectric  function  of  samples  with  (Erl 2.  Erl 3)  and 
without  (Si  12.  Si  13)  erbium  inclusion.  The  best-fit  results 
according  to  BEMA  models  arc  presented  at  the  bottom.  The 
fit  goodness,  y2,  and  95%  confidence  limits  of  fit  parameters  are 
also  shown. 
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energetic  position  of  the  characteristic  E\  and  E2  peaks, 
which  are  indicative  of  the  presence  in  films  of  the 
crystalline  fraction  [6].  The  characteristic  E\  and  E2 
peaks  (at  about  3.4  and  4.2 eV,  respectively)  become 
more  pronounced  in  the  spectra  of  undoped  samples. 
Qualitatively,  this  spectral  behavior  provides  indication 
on  a  larger  grain  size  for  undoped  films,  while  smaller 
silicon  grains  are  present  in  Er-doped  films.  In  fact,  the 
BEMA  models  of  the  undoped  Si  12  and  Si  13  samples 
include,  in  the  inner  and  outer  layers,  the  dielectric 
function  of  nc-Si-large  grains,  while  the  response  of  Er 
doped  samples  is  mainly  represented  by  the  dielectric 
function  of  nc-Si-fine  grains  (the  best-fit  BEMA  models 
obtained  for  these  samples  are  presented  at  the  bottom 
of  Fig.  2.).  This  effect  of  the  Er-content  on  the  grain  size 
has  been  confirmed  by  the  X-ray  diffraction  measure¬ 
ments  reported  in  Table  1,  which  reveal  a  strong  (about 
2  times)  decrease  of  the  grain  size  in  samples  doped  with 
Er,  so  corroborating  the  SE  results.  In  contrast,  no 
variation  of  the  grain  size  was  detected  by  Raman. 
However,  this  apparent  discrepancy  is  explained  by  the 
fact  that  the  Raman  method  only  probes  the  thin  near¬ 
surface  layer  (within  the  second  outer  layer  in  the 
BEMA  models)  in  the  film,  where  the  low-size  crystal 
grain  fraction  dominates.  Therefore,  SE  is  sensitive  to 
structural  aspects,  such  as  the  different  crystalline 
fraction  and  grain  size  in  the  different  layers  constituting 
the  nc-Si :  Er :  O  films,  which  otherwise  cannot  be 
resolved  by  XRD  and  Raman.  In  addition,  SE  data 
show  that  the  larger  grain  size  accompanies  with  a  larger 
inclusion  of  the  SiO  component,  since  oxygen  segregates 
at  the  grain  boundaries  (see  Erl  2/Si  12  samples  in 
Fig.  2).  It  is  thought  that  this  Er  effect  on  the  grain 
size  could  be  related  to  the  preferential  incorporation 
of  Er  ions  into  interstitial  sites  of  the  silicon  network, 
so  causing  distortion  of  the  lattice  periodicity  and 


obstructing  the  crystal  grain  expansion  during  growth. 
However,  further  work  is  in  progress  to  understand  the 
mechanism  of  the  evolution  of  nc-Si  film  structure  with 
Er-doping. 


4.  Conclusions 

Spectroscopic  ellipsometry  has  been  applied  to  the 
analysis  of  the  nanostructure  and  chemical  composition 
of  Er-doped  nc-Si  thin  films,  produced  by  the  RF 
magnetron  sputtering.  In  contrast  to  the  standard 
techniques  of  X-ray  diffraction,  Rutherford  backscatter- 
ing  and  Raman  spectroscopy,  which  provide  averaged 
structural  and  compositional  data,  ellipsometry  reveals 
the  complex  layered  structure  and  impurity  distribution 
in  nc-Si :  Er,0  films.  It  has  been  found  that  the  inclusion 
of  Er  in  nc-Si  thin  films  lowers  the  Si  crystallite  sizes  in 
nc-Si  thin  films.  Additionally,  SE  shows  a  surprisingly 
high  sensitivity  to  the  Er  content  as  low  as  0.2  at%.  The 
optical  response  of  Er  ions  in  a  nc-Si/SiO  matrix  has  also 
been  determined. 


References 

[1]  M.F.  Cerqueira,  M.V.  Stepikhova,  J.A.  Ferreira,  Mater. 
Sci.  Eng.  B  81  (2001)  32. 

[2]  E.A.  Irene,  Thin  Solid  Films  233  (1993)  96. 

[3]  D.A.G.  Bruggeman,  Ann.  Phys.  (Leipzig)  24  (1965) 
636. 

[4]  G.E.  Jellison,  Thin  Solid  Films  313-314  (1998)  33. 

[5]  M.  Losurdo,  R.  Rizzoli,  C.  Summonte,  G.  Cicala,  et  al.,  J. 
Appl.  Phys.  88  (2000)  2408. 

[6]  D.E.  Aspnes,  A.A.  Studna,  Phys.  Rev.  B  27  (1983) 
985. 


PHYSICAL 

Physica  B  308  310  (2001)  378  381  ■■ 

www.cl  sc  vicr.com/locate/physh 

Determination  of  the  atomic  configuration  of  Er-0  complexes 
in  silicon  by  the  super-cell  FLAPW  method 

M.  Hashimoto*,  A.  Yanase,  H.  Harima,  H.  Katayama-Yoshida 

Department  of  Condensed  Matter  Physics,  The  Institute  of  Scientific  and  Industrial  Research,  Osaka  University,  Osaka  567-0047,  Japan 


ELSEVIER 


Abstract 

We  determined  the  atomic  configuration  of  Er-O  complexes  in  silicon  from  the  first  principles  using  the  super-cell 
FLAPW  method  within  the  local  density  approximation.  We  proposed  two  models  of  the  atomic  configuration  of  Er- 
06  complexes  in  silicon  with  C2  symmetry,  one  is  stable  and  the  other  is  meta-stable  in  the  thermal  equilibrium 
conditions.  Our  proposed  atomic  configurations  of  Er-06  complexes  are  consistent  with  the  experimental  results  of 
EPR  and  EXAFS  measurements,  which  reported  the  existence  of  several  stable  and  meta-stable  low-symmetry  centers 
and  similarity  to  the  C2-symmetry  center  of  the  Er2Ov  {(')  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Ab  initio  calculation:  Rare-earth  impurity;  Er-O  complex;  Silicon 


1.  Introduction 

Erbium  (Er)  doped  semiconductors  attract  much 
attention  because  of  their  sharp  and  temperature 
independent  luminescence  caused  by  intra-4f  transition. 
These  materials  are  expected  to  be  applied  to  tempera¬ 
ture-independent  optoelectronic  devices.  One  of  the 
possible  applications  is  optical  fiber  communication 
because  of  the  sharp  emission  of  intra-4f  transition 
emitting  1.54pm-wavelength-light  which  matches  the 
minimum  absorption  rate  of  the  light  in  silica-based 
optical  fibers.  Especially  Er  doped  silicon  (Si),  which  is 
the  leading  semiconductor  in  microelectronic  applica¬ 
tions,  is  a  promising  material  to  achieve  fully  Si-based 
optoelectronics. 

Experiments  performed  until  1993  had  shown  that  the 
low  solubility  of  Er  in  Si  prevents  the  incorporation  of 
high  Er  concentrations.  This  difficulty  was  overcome  by 
the  co-doping  method  (co-doped  with  Er  and  oxygen 
(O))  in  1993  [I].  The  improvement  in  the  solubility  of  Er 
was  due  to  the  reduction  of  formation  energy  by  forming 
Er-O  complexes.  However  the  structures  of  the  com- 
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plexes  are  still  not  well  understood.  Extended  X-ray 
absorption  fine-structure  (EXAFS)  showed  that  the  Er 
impurity  is  surrounded  by  a  cage  consisting  of  4-6  O 
atoms  [2].  Electron  paramagnetic  resonance  (EPR) 
measurement  revealed  that  the  Er  atom  is  surrounded 
by  6  O  atoms  and  forms  several  low-symmetry  impurity 
complexes;  four  Er-O  complexes  exist  before  annealing 
and  two  Er-O  complexes  do  after  annealing  [3].  So  far, 
precise  atomic  configurations  of  Er-O  have  not  been 
reported  in  theory  or  experiment. 

In  this  study,  we  performed  ab  initio  calculations  in 
order  to  determine  the  atomic  configurations  of  Er-O 
complexes  in  Si.  We  propose  two  models  of  different 
atomic  configurations  of  Er-O  complexes  in  Si  based 
upon  the  total  energy  calculation,  one  is  stable  and  the 
other  is  meta-stable.  As  far  as  we  know,  this  is  the  first 
clarification  of  concrete  atomic  configurations  of  Er-O 
complexes  in  Si  based  upon  ab  intio  electronic  structure 
calculations. 


2.  Models  and  calculation 

Calculations  of  the  electronic  structure  and  total 
energy  are  performed  by  using  the  full-potential 
linearized  augmented-plane-wave  (FLAPW)  method 
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based  on  the  local  density  approximation  (LDA)  [4].  For 
the  exchange-correlation  energy  in  the  LDA,  the 
analytical  expression  of  Gunarsson-Lundqvist  is  em¬ 
ployed  [5]. 

The  angular  momentum  in  the  spherical  wave 
expansion  is  truncated  1  =  4  and  /  =  1  for  the  potential 
and  the  wave  functions,  respectively.  The  cutoff  energy 
of  the  plane  wave  is  19.42  Ry  for  the  wave  functions.  We 
calculate  the  electronic  structure  and  the  total  energy 
using  only  the  point  in  the  irreducible  Brillouin  zone,  to 
achieve  the  self-consistency  in  the  charge  and  the 
potential.  The  muffin-tin  sphere  radii  for  Er  is  chosen 
to  be  1.116  and  0.576  for  O  and  Si,  respectively. 

Rare  Earth  (RE)  impurity  in  Si  is  taken  into  account 
by  using  super-cells  containing  32  atoms.  We  use 
Lutetium  (Lu)  as  RE  impurity  instead  of  Er  since 
LDA  does  not  estimate  the  exact  states  of  open  4fn  shell 
in  Er.  The  electron  configuration  of  Lu  is  4f145d16s2  and 
it  is  ionized  as  Lu3  +  with  4f 14  closed-shell  in  a  crystal. 
Since  Er  is  ionized  as  Er3+  in  the  crystal  and  both  4f 
shell  of  Er  and  that  of  Lu  are  strongly  localized  around 
the  nucleus,  nucleus  charge  of  Er  and  Lu  are  completely 
shielded  by  4f  electrons.  Therefore  the  valence  band  of 
Lu  is  similar  to  that  of  Er. 


3.  Results  and  discussion 

In  order  to  determine  the  atomic  configuration  of  the 
Er-O  complexes  in  Si,  first  we  investigated  (1)  the 
electronic  structure  and  the  most  stable  atomic  config¬ 
urations  of  isolated  Er  impurity  in  Si  and  next,  (2)  the 
most  stable  atomic  configuration  of  isolated  O  impurity 
in  Si.  Finally,  based  on  the  above  two  atomic  config¬ 
urations,  we  investigated  (3)  the  stable  atomic  config¬ 
uration  of  Er-O  complexes  in  Si. 

We  compared  the  total  energy  of  the  isolated  Er 
impurity  in  Si  located  at  the  Tetrahedral  (Td)  substitu¬ 
tional  site  and  the  Td  interstitial  site.  We  found  that  the 
most  stable  atomic  site  of  the  isolated  Er  impurity  in  Si 
is  at  the  Td  interstitial  site  (i.e.  Td  interstitial  site  is 
2.84  eV  more  stable  than  the  Td  substitutional  site).  The 
stabilization  of  the  Er  impurity  at  the  Td  interstitial  site 
in  Si  is  originated  by  the  formation  of  the  bond  which 
are  caused  by  the  hybridization  between  Er-5d  orbits 
and  the  Si  sp3  orbits  [6]. 

We  determined  the  atomic  configuration  of  the 
isolated  O  impurity  in  Si.  The  most  stable  atomic  site 
of  O  is  at  the  off-bond-center  site,  where  Si-Si  bond 
length  is  3.29  and  O  is  located  at  the  off-bond  center  site 
distorted  0.98  from  the  vertical  line  of  the  Si-Si  bond. 

In  the  calculation  of  (3),  the  models  of  the  Er-O 
complexes  were  determined  in  the  following  way.  We 
considered  the  Er  impurity  at  the  Td  interstitial  site 
based  on  the  stable  atomic  site  of  the  calculated  results 
of  the  isolated  Er  impurity.  Next  we  considered  the  Er- 


O  complexes  with  6  O  atoms  around  the  Er  impurity  at 
the  Td  interstitial  site,  where  O  atoms  are  located  at  the 
Si-Si  off-bond-center  site  based  on  the  calculated  results 
of  the  isolated  O  impurity.  Twelve  off-bond-center  sites 
for  O  atoms  are  present  around  the  Er  impurity  at  the  Td 
interstitial  site.  We  coordinated  6  O  atoms  at  6  of  the 
twelve  off-bond-center  sites  and  picked  up  the  low 
symmetry  Er-O  complexes  from  all  possible  atomic 
configurations  because  the  EPR  and  EXAFS  measure¬ 
ment  indicate  the  low  symmetry  complexes  in  this 
system.  These  structures  from  our  model  have  C2v,  C2 
and  C3  symmetry  (the  others  have  no  symmetry).  The 
structures  are  summarized  in  Fig.  1 .  We  determined  the 
stable  atomic  configuration  of  the  Er-O  complexes  by 
comparing  the  total  energy  starting  from  these  six  Er-O 
complexes. 


Fig.  1.  Proposed  models  of  atomic  configuration  of  Er-O 
complexes  in  Si.  The  atom  at  the  center  of  each  figure  is  the 
Er  atom.  The  white  symbols  indicate  the  Si  atoms  and  the  dark 
symbols  indicate  the  O  atoms.  We  show  the  symmetry  and  the 
atomic  configuration  of  these  complexes  ((a)  C2v,  (b)  C3  and 
(d)-(f)  C2).  We  label  these  complexes  C2v  structure,  C3 
structure,  C2-A-D  structures. 
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Fig.  2.  The  total  energy  difference  between  the  possible 
candidates  of  six  complexes  (as  defined  in  Fig.  1)  measured 
from  the  most  stable  C2,  structure. 


We  show  the  calculated  total  energy  differences  in 
Fig.  2.  From  Fig.  2.  we  see  that  the  most  stable  atomic 
configuration  of  the  Er-06  complex  is  the  C2v  structure 
followed  by  the  C2-B  structure.  The  energy  difference 
between  them  is  0.435  eV,  therefore  C2-B  structure  is 
meta-stable  in  thermal  equilibrium.  The  order  of  the 
stability  is  C2v  (0eV)<C2-B  (0.435  eV)<C2-D  (1.292eV) 
<C2-A  (1.577eV)<C,  (2.420  eV)<C2-C  (2.502eV), 
where  we  showed  the  total  energy  difference  measured 
from  the  most  stable  C2v  structure. 

To  obtain  more  stable  structures  of  Er-0  complexes, 
we  applied  an  additional  lattice  relaxation  to  the  two 
lowest  energy  structures  (C2v  structure  and  C2-B 
structure).  The  lattice  relaxations  were  taken  into 
account  in  the  following  procedures.  First,  we  relaxed 
the  6  Si  atoms  around  Er  toward  the  Er  atom  while 
fixing  the  6  O  atoms.  Next,  we  relaxed  the  6  O  atoms 
around  Er  while  fixing  the  6  Si  atoms.  As  a  result,  we 
obtained  more  stable  structures,  Relaxed-C2v  (Fig.  3a) 
and  Relaxed-C2-B  (Fig.  3b).  The  local  configuration  is 
the  same  for  Relaxed-C2v  and  Relaxed-C2-B  structure. 
We  show  the  local  structure  of  Er  and  O  complex  in 
Fig.  3c.  This  local  structure  and  Er-0  bond  length  is 
very  similar  to  the  structure  of  the  Er203.  The  Er-O 
bond  length  of  the  local  C2  symmetry  center  of  the 
Er20^  is  2.26.  The  bond  length  of  Er-O  complex  in  Si 
reported  in  EXAFS  measurement  is  2.27  [2]. 

We  evaluated  cohesive  energy  £coh  by  the  following 
expression: 

-^coh  =  £(Er.60.31Si)  —  [£(F.r.32Si)  "F  6£(0.1<SSi)  “  48£(2si  :  host)]* 

(1) 

where  % r.60.32sm£(F-.r.3:sii  and  £(o.ir>si)  are  the  total 
energy  for  co-doping  system,  isolated  Er  impurity 
system  and  isolated  O  impurity  system,  respectively. 
£hsi :  hosn  is  the  total  energy  for  pure  Si  crystal  and  is 
introduced  to  correct  the  difference  in  the  number  of  Si 
atoms  between  the  first  and  the  second  term.  We 
obtained  £coh  =  —1.449  Ry  =  -19.713eV  with  using 


(c) 

Fig.  3.  The  structures  of  the  most  stable  two  Er-0  complexes 
(a)  Rclaxcd-C2v  structure  and  (b)  Rclaxcd-C2-B  structure,  (c) 
The  local  structure  surrounding  the  Er  atom  is  also  shown. 


the  calculated  value  of  £(  r.r.oo.32Si i  =  -48477.033  Ry 
(for  Relaxed-C2v),  £{r,-.3:si)  =  -47595.990  Ry,  £(0.i6Si)  = 
-9389.1 35  Ry  and  £<2Si :  host>  =  —11 55.3 1 7  Ry,  respec¬ 
tively.  We  obtained  a  negative  value  of  the  cohesive 
energy  indicating  that  the  formation  of  the  complex  with 
1  Er  and  6  O  atoms  is  stable  and  that  we  can  observe  this 
complex  in  thermal  equilibrium  condition.  This  indicates 
that  the  experimental  result,  w'hich  reported  Er  impu¬ 
rities  forming  complexes  with  six  O  atoms,  is  consistent 
with  our  theoretical  calculations  in  the  thermal  equili¬ 
brium  condition. 

As  mentioned  before,  various  kinds  of  Er-0  com¬ 
plexes  exist  in  Si  in  the  thermal  non-equilibrium  doping 
method  such  as  ion  implantation;  four  Er-0  complexes 
exist  before  annealing  and  two  Er-0  complexes  do  after 
annealing.  From  our  calculated  result,  the  variation  of 
Er-O  complexes  could  be  attributed  to  the  several  meta¬ 
stable  states  due  to  the  difference  of  coordination  of  6  O 
atoms.  Our  interpretation  of  the  experiments  based 
upon  the  present  calculation  is  that  the  four  lowest 
energy  Er-O  complexes  should  exist  before  annealing  in 
Si  (such  as  C2v,  C2-B,  C2-D  and  C2-A)  and  after 
annealing,  four  Er-O  complexes  convert  to  the  twro 
lowest  energy  Er-0  complexes  (C2v  and  C2-B).  EPR  and 
EXAFS  measurements,  similarity  between  Er-O  com¬ 
plex  in  Si  and  the  local  C2  symmetry  center  of  the  Er20^ 
was  reported.  From  our  study,  Relaxed-C2v  structure 
should  correspond  to  the  local  C2  symmetry  center  of 
Er2Ov  Fig.  4  show's  the  O-Er-O  angles  of  (a)  the  C2 
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(a)  C2  center  of  En03 
01 


02-Er-02’  139.5° 

03-Er-03’  87.5° 


(b)  Relaxed-C2> 


Ol-Er-Ol’  123.7° 
02-Er-02’  161.3° 
03-Er-03’  59.9° 


(c)  Relaxed-C2  -B 


02-Er-02’ 

03-Er-03’ 


123.7' 

123.7' 


Fig.  4.  The  O-Er-O  angles  of  (a)  the  C2  symmetry  center  of  the 
Er203,  (b)  Relaxed-C2v  structure  and  (c)  Relaxed-C2-B 
structure.  Each  angle  is  shown  in  the  figures. 


symmetry  center  of  the  Er203,  (b)  Relaxed-C2v  structure 
and  (c)  Relaxed-C2-B  structure.  Since  the  trend  of  O- 
Er-0  angles  in  the  Relaxed-C2v  structure  is  similar  to 
those  of  the  C2  symmetry  center  of  the  Er203,  we 
conclude  that  these  complexes  have  very  similar  atomic 
configurations.  Determination  of  the  local  structure 
around  Er  impurity  is  essential  for  calculating  the  crystal 
field  in  the  future  by  which  we  can  predict  the  photo¬ 
luminescence  spectra  of  Er  doped  Si  without  using  any 
adjustable  parameters  from  experiments. 


4.  Summary 


method  with  super-cells  based  on  LDA.  We  propose  two 
possible  candidates  with  different  atomic  configurations 
of  Er-06  complexes  in  Si,  one  is  stable  and  the  other  is 
meta-stable  in  the  thermal  equilibrium  condition.  Both 
of  these  complexes  consist  of  one  Er  atom  located  at  the 
Td  interstitial  site  and  6  O  atoms  at  the  Si-Si  off-bond  - 
center  site.  Both  complexes  have  C2  symmetry  and  one 
of  these  has  similar  atomic  configuration  to  the  local  C2 
symmetry  center  of  the  existing  Er203,  which  is 
consistent  with  the  EXAFS  and  EPR  measurements. 
Since  the  existence  of  several  meta-stable  Er-0  com¬ 
plexes  is  proposed  from  the  model,  we  conclude  that  the 
variation  of  these  Er-O  complexes  come  from  the 
difference  of  the  coordination  of  6  O  atoms  around  Er 
impurity,  which  agree  very  well  with  the  result  of  the 
EPR  measurement.  We  clarified  the  concrete  atomic 
configuration  of  Er-O  complexes  in  Si  based  on  the  ab 
initio  calculation. 
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Abstract 

The  paper  is  devoted  to  study  of  Er-related  defects  in  electrical  luminescence  diode  structures  a-Si :  H(Er)/c-n-Si.  for 
which  amorphous  hydrogenated  silicon  film  on  crystalline  Si  substrate  was  fabricated  both  by  plasma-enhanced 
chemical  vapor  deposition  and  magnetron-assisted  silane-decomposition  technique.  Thermally  activated  current  (TAC) 
spectroscopy  by  employing  the  thermally  fractional  cleaning  method  has  been  used.  Observed  TAC  spectra  have  been 
shown  to  be  weakly  dependent  on  the  film-deposited  technique.  It  has  been  shown,  that  signal  amplitude  of  the  spectra 
increases,  when  Er  concentration  in  a-Si :  H  increases.  The  traps  with  activation  energies  from  0.10  to  0.40  eV  and  from 
0.5  to  0.6  eV  have  been  charged  both  by  light  and  thermal-bias  stress,  which  allows  to  associate  these  with  the  deep 
levels  in  the  band  gap  of  the  a-Si:H.  The  high-temperature  current  peaks  with  activation  energies  of  0.8-1. OeV  have 
been  created  only  by  thermal-bias  stress  and  have  been  strongly  dependent  on  the  charging  temperature.  It  has  been 
suggested  that  these  high-temperature  thermally  activated  processes  are  related  to  polarization  effects  in  the  [Er-O] 
clusters,  located  in  amorphous  matrix  of  a-Si:H.  The  plausible  origin  of  the  observed  deep  levels  and  polarization 
processes  is  discussed.  T  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Amorphous  hydrogenated  silicon:  Erbium:  Deep  levels 


1.  Introduction 

Intensive  investigations  of  electrical  and  optical 
properties  of  Er-contained  semiconductor  matrixes  are 
linked,  first  of  all.  with  light  emission  by  intra-f  shell 
transition  at  wavelength  of  1.54  pm,  which  does  not 
depend  on  the  semiconductor  matrix  and  is  situated  in 
the  region  of  minimum  absorption  for  quartz  fibers. 
Incorporation  of  Er  into  silicon  could  result  in  effective 
connection  of  silicon-based  electronic  devices  to  optical 
communication  systems.  However,  the  limited  solubility 
of  Er  in  crystalline  Si  and  rapid  thermal  quenching  of 
the  Er  emission  at  room  temperature  [1,2]  lead  to 
unsatisfactory  results. 

In  Ref.  [3-5]  effective  room  photo-  and  electro¬ 
luminescence  of  Er  ions  in  amorphous  hydrogenated 
silicon  (a-Si :  H(Er))  have  been  observed.  However,  up  to 
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now,  the  careful  study  of  deep  levels  in  a-Si :  H(Er)  has 
not  been  performed.  In  this  connection,  the  paper  is 
devoted  to  a  study  of  charge  trapping  by  deep  levels 
related  to  Er  in  a-Si :  H  matrix  of  a-Si :  H(Er)/c-n-Si 
electroluminescence  diode. 


2.  Samples  and  experimental  details 

The  erbium-doped  amorphous  hydrogenated  silicon 
with  thickness  near  1  pm  has  been  deposited  on  crystal¬ 
line  n-type  Si  substrate  both  by  using  the  magnetron- 
assisted  silane-decomposition  (MASD)  technique  [6] 
and  the  plasma-enhanced  chemical  vapor  deposition 
(PECVD)  in  a  gas  atmosphere  containing  25%  SiH4  and 
75%  Ar  [7].  In  the  case  of  the  MASD  technique,  Er 
concentration  was  varied  from  1  x  1018  to  1  x  10"° cm"3 
and  was  uniformly  distributed  through  the  a-Si :  H(Er) 
film.  Oxygen  concentration  was  determined  by  SIMS 
method  and  was  equaled  to  an  average  of  1  x  10:i  cm  \ 
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In  the  case  of  the  PECVD  technique,  Er  was  inhomo- 
geneously  distributed  in  the  a-Si :  H  film  with  maximum 
concentration  of  about  1  x  1021  cm-3  located  near  the  a- 
Si :  H/c-Si  interface.  The  average  oxygen  concentration 
was  5x  102lcm~3.  The  measurement  structure  was  an 
Al/a-Si :  H(Er)/c-n-Si/Al  diode  with  aluminium  contact 
approximately  1  mm  in  diameter  (see  inset  in  Fig.  1). 

The  study  of  energetic  spectrum  of  electrical  active 
traps  in  the  a-Si :  H(Er)  material  has  been  performed  by 
thermally  activated  current  (TAC)  spectroscopy  in  the 
temperature  range  from  80  to  350  K  with  linear  sample 
heating  of  0.4  K/s.  The  traps  in  the  a-Si:H(Er)  layer 
were  charged  either  by  visible  light  and  bias  applied  to 
substrate  contact  (Vs  in  the  inset  in  Fig.  1)  at  77 K  or  by 
bias  applied  to  substrate  at  320  K.  Activation  energies  of 
discharging  processes  were  determined  by  fractional 


thermal  cleaning  method  of  the  TAC  spectra,  proposed 
in  Ref.  [8].  The  charge  built  up  in  the  a-Si:H(Er)  film 
after  charging  of  the  traps  has  been  estimated  by  high- 
frequency  (1  MHz)  capacitance-voltage  (C—  V)  charac¬ 
teristics  measured  at  77  K. 


3.  Experimental  results  and  discussion 

The  TAC  spectra  measured  in  the  heterodiodes 
fabricated  by  MASD  technique  are  presented  in  Fig.  1. 
The  charging  of  the  structures  has  been  performed  at 
320  K  by  bias  applied  with  both  positive  and  negative 
polarity.  In  this  case,  the  TAC  spectra  are  sufficiently 
symmetrical  with  respect  to  the  temperature  axis 
(Fig.  lb)  and  show  that  the  current  peaks  in  the 


80  100  120  140  160  180  200  220  240  260  280  300  320 

Temperature  (K) 
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Fig.  1.  Thermally  activated  current  spectra  of  the  Al/a-Si :  H(Er)/c-n-Si  heterodiode,  fabricated  by  the  MASD  technique  with  different 
Er  concentrations  (a),  and  measured  at  different  polarities  of  charging  of  the  sample  (b). 
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temperature  range  near  140,  190  and  230  K  and  from 
290  to  340 K  (Fig.  la).  Additionally,  the  increase  of  Er 
concentration  results  in  the  increase  of  TAC  spectrum 
amplitude  (Fig.  la),  that  confirms  a  linkage  of  the 
observed  current  peaks  with  Er  incorporation  into  the  a- 
Si :  H  film.  The  structures  containing  Er  and  fabricated 
by  PECVD  method  showed,  principally,  a  TAC  spectra 
similar  to  those  obtained  in  the  MASD  samples 
(Fig.  2a).  The  initial  structure,  which  contained  no  Er 
atoms  in  a-Si :  H  film,  does  not  appear  in  any  TAC  peak 
in  the  temperature  range  from  140  to  340  K  and  current 
peaks  of  small  amplitude  have  been  observed  in  the 
temperature  range  from  80  to  140K.  Thus,  we  can 
conclude  that  all  high-temperature  TAC  peaks  in  a- 
Si :  H(Er)/c-n-Si  structure  are  associated  with  Er  incor¬ 
poration  into  the  a-Si :  H  matrix. 

It  should  be  noted  that  the  effect  of  visible  light  and 
bias  at  liquid-nitrogen  temperature  leads  to  creation  of 


the  TAC  peaks  only  in  the  temperature  range  from  80  to 
270  K  both  for  the  MASD  and  PECVD  structures  (see 
Fig.  2a).  Thus,  the  TAC  peaks,  appearing  in  this 
temperature  range,  can  be  associated  to  the  deep  levels 
of  charge  traps  located  in  the  a-Si :  H(Er)  matrix. 

The  wide  current  peak  observed  in  the  temperature 
range  from  270  to  340  K  is  created  only  in  the  case  of 
charging  the  samples  at  temperatures  above  260  K.  The 
result  observed  is  an  evidence  of  the  different  nature  of 
the  high-temperature  current  peak  from  other  low- 
temperature  ones. 

Measurement  of  C—  V  characteristics  before  and  after 
charging  the  structure  by  negative  bias  applied  to 
substrate  (forward  bias)  shows  the  net  electron  trapping 
in  the  a-Si :  H(Er)  film,  whereas  the  charging  by  positive 
bias  applied  to  the  substrate  (reverse  bias)  leads  to  the 
net  hole  trapping  (Fig.  2b).  Thus,  a  forward  bias  applied 
to  the  structure  results  in  occupation  of  the  deep  levels 
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Fig.  2.  Thermally  activated  current  spectra  (a)  and  capacitance  voltage  characteristics  (b)  measured  on  the  PECVD  heterodiode. 
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located  in  the  upper  half  of  the  a-Si:H  band  gap, 
whereas  the  reverse  bias  applied  leads  to  the  charging  of 
the  deep  levels  located  in  the  bottom  half  of  the  band 
gap. 

Results  of  fractional  thermal  cleaning  of  the  TAC 
spectra  obtained  for  positive  and  negative  bias,  applied 
to  the  substrate  during  the  charging  of  the  MASD 
structures  at  high  temperatures,  are  presented  in  Fig.  3. 
The  energetic  levels  of  the  obtained  electron  traps  are 
the  following:  £c-0.10,  0.40,  0.55,  and  0.60  eV.  The  hole 
deep  levels  are  Ev  +  0.20,  Ev  +  0.30,  Ev  +  0.50  and 
F'v  +  O^OeV.  The  deep  levels  £v  +  0.50  and 
isc  +  0.55eV  possess  the  maximum  amplitude  of  the 
TAC  (that  is  maximum  concentration  in  comparison 
with  other  deep  levels). 

The  processes  with  activation  energy  near  0.85- 
1.00  eV  corresponding  to  the  high-temperature  current 
peak  are  probably  associated  to  polarization  processes 
in  erbium-oxide  inclusions  located  in  the  a-Si :  H  matrix. 
Indeed,  the  Mossbauer  spectroscopy  method  demon¬ 
strates  that  the  a-Si:H(Er)  films  fabricated  by  the 
MASD  technique  contain  [Er-O]  clusters,  in  which  the 


Er3+  ions  have  the  local  surrounding  similar  to  Er2C>3 
[9].  Additionally,  it  was  shown  in  Ref.  [10],  that  Er203 
with  excess  of  oxygen  (that  is  similar  to  our  case)  has  to 
contain  the  interstitial  O-  ions  and  holes  located  at  Er3  + 
ions.  The  hole  and  0“  ion  represent  a  dipole,  which  can 
shift  its  position  in  the  applied  external  electric  field. 
Thus,  we  supposed  that,  in  the  [Er-O]  clusters,  the 
thermally  polarized  processes  with  activation  energies 
from  0.85  to  l.OOeV  can  be  connected  to  dipole 
polarization  of  the  hole-O-  dipoles. 

The  hole  trapping  in  the  a-Si :  H(Er)  film  at  reverse 
bias  of  the  a-Si :  H(Er)/c-n-Si  diode  is  in  contradiction 
with  the  model  of  electroluminescence  in  such  structure, 
which  was  suggested  in  Ref.  [5].  In  this  regime  of 
heterodiode  operation,  this  model  assumes  that  elec¬ 
trons  are  injected  from  Al  electrode  into  the  a-Si :  H(Er) 
film  followed  by  trapping  at  dangling  bonds  (D°-centers) 
and  energy  transfer  (about  0.8  eV)  to  Er3+  ions,  located 
near  D°-centers.  In  this  model,  hole  trapping  was 
neglected.  Our  experiments  demonstrate  that  in  the 
considered  devices,  the  applied  reverse  bias  leads  to 
effective  hole  trapping  in  the  traps  with  deep  levels 
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Fig.  3.  Results  of  fractional  thermal  cleaning  of  the  TAC  spectra,  measured  on  the  MASD  heterodiode  with  the  a-Si :  H(Er)  film, 
doped  by  Er  with  concentrations  of  1  x  1018  (a)  and  1  x  1020cm“3  (b). 


386 


J.  Vovk  et  al  /  Physiva  B  308  310  (2001)  382-386 


a  -  S  i :  H  ( E  r ) 


Fig.  4.  Proposed  model  of  resonance  energy  transfer  from  A  D 
pair,  localized  in  £c  -  0.50eV  level  and  E,  +  0.50cV  level,  to 
Er  '  in  a-Si:H  material. 


£v  +  0.50eV  and,  probably,  has  to  be  taken  into 
account  for  the  model  of  electroluminescence. 

It  should  be  noted  that  electron  and  hole  traps  are 
spatially  correlated  because  of  their  location  links  with 
[Er-O]  cluster  location.  Electron  trapping  at  the  levels 
Ec  -  0.55  or  0.60  eV  and  hole  trapping  at  the  level 
£v  +  0.50  eV  result  in  creation  of  donor-acceptor  (D-A) 
pair  located  in  vicinity  of  the  [Er-O]  cluster.  The  energy 
of  the  D-A  annihilation  is  about  0.8-0.9eV,  which 
corresponds  to  the  energy  of  resonance  excitation 
(0.84  eV)  of  electron  in  Er3  r  ion  from  the  ground  state 
41 1 5  2  to  the  41 1 3  2  state  (Fig.  4).  Since  the  Er-O  bond 


exhibits  ionic  properties,  it  can  be  considered  as  an  Er4  - 
O  dipole.  Thus,  the  D-A  pair  created  can  interact  with 
the  Er-O  bond  by  dipole-dipole  interaction  and  during 
its  annihilation  to  transfer  the  energy  to  Er  by  the 
dipole-mediated  energy  transfer  [II],  proposed  by  Foster 
for  excitation  transfer  between  molecules  in  gases  or 
solutions  and  used  in  Ref.  [12]  for  the  a-Si :  H(Er) 
material,  in  order  to  explain  the  energy  transfer  between 
dangling  bonds  and  ErV!  ions  located  at  sufficiently 
long  distances  (nearly  100  A)  from  one  another. 
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Abstract 

A  scheme  for  the  numerical  calculation  of  energy  levels  of  rare-earth  ions  in  a  crystalline  solid  is  presented.  Stark 
fields  of  cubic,  trigonal,  tetragonal,  orthorhombic  and  monoclinic  symmetry  are  considered.  As  examples,  optical 
luminescence  spectra  of  erbium  in  the  semiconductors  zinc  selenide  and  silicon  are  analysed.  Based  on  the  optical 
characterisation,  the  g  tensors  for  Zeeman  splitting  in  an  applied  magnetic  field  are  predicted  for  the  crystal-field 
ground  states  of  these  centres.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Spectroscopy  is  a  general  powerful  tool  for  the 
investigation  of  electronic  and  atomic  structure  of 
matter,  including  solids  and  electronic  centres  in  solids 
related  to  defects  or  impurities.  By  spectroscopy, 
transition  energies  and  probabilities,  parameters  which 
are  directly  linked  to  the  description  of  materials  in 
fundamental  terms  of  quantum  mechanics  are  measured. 
Modern  spectrometers,  with  high  sensitivity  and  energy 
resolution,  are  capable  of  providing  an  abundance  of 
very  precise  experimental  data.  In  order  to  have  the  full 
profit  of  measured  data,  the  interpretation  in  terms  of 
solutions  of  the  eigenvalue  equations  must  be  given. 
Unfortunately,  often  the  system  description  is  very 
complex  due  to,  e.g.,  low  symmetry  or  high  spin.  In 
general,  an  exact  analytical  solution  of  equations  is  only 
possible  in  specific  cases  of  high  symmetry.  Applying 
perturbation  theory,  the  range  of  analytical  solutions 
can  be  extended,  but  perturbation  methods  suffer  from 
limited  applicability  and  unsatisfactory  accuracy  as  well. 
To  circumvent  these  strong  limitations,  the  alternative 
method  of  numerical  solution  can  be  applied.  This  paper 
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describes  a  scheme  for  the  calculation  of  energy  levels, 
and  at  the  same  time  wave  functions,  of  rare-earth 
impurities  in  crystalline  solids.  The  method  is  outlined 
and  illustrated  by  the  examples  of  the  erbium  ion 
in  the  semiconductor  crystals  zinc  selenide  and  silicon, 
with  the  zincblende  and  diamond  structures,  respec¬ 
tively.  The  ground  state  of  the  Er3+  ion  with  elec¬ 
tronic  configuration  4f 1 1  and,  hence,  orbital  momentum 
L  =  6  and  spin  5  =  |,  is  formed  by  spin-orbit  interac¬ 
tion  as  a  4Ii5/2  level.  Calculations  on  this  state  are 
performed  in  the  effective  spin  /  =  formalism.  When 
included  in  a  solid,  the  16-fold  degeneracy  of  the 
atomic  state  is  partially  lifted  by  crystal  fields  of 
ligand  atoms  of  the  host  crystal  with  the  formation  of 
quartet  and  doublet  levels.  Application  of  a  magnetic 
field,  also  considered  in  this  paper,  will  result  in  16 
non-degenerate  states. 


2.  Crystal-field  Hamiltonian 

In  several  cases,  the  erbium  ion  occupies  a  site  of  high 
symmetry,  e.g.  an  undistorted  substitutional  site  or 
interstitial  T  site.  For  rare-earth  ions  with  4f  orbitals  the 
only  non-vanishing  matrix  elements  are  due  to  fourth- 
and  sixth-order  crystal-field  operators.  On  the  basis  of  a 
point-charge  model,  expressions  for  the  potential  are 
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Table  I 

Potentials  representing  the  eight  systems  in  the  diamond  crystal 
structure11 


System 

Potential 

A” 

*> 

r 

.yv 

yz 

r.v 

Cubic 

_ 

_ 

_ 

Trigonal 

— 

— 

_ 

8 

8 

Tetragonal 

— 

— 

_ 

_ 

_ 

Orthorhonibic-1 

— 

— 

8 

_ 

Monoclinic-I 

— 

— 

8 

i: 

V. 

Orthorhombic-II 

— 

p 

_ 

_ 

Monoclinic-II 

— 

p 

<5 

_ 

........ 

Triclinic 

p 

/ 

8 

i: 

c 

''  Normalised  second-order  operators  are  constructed  in  a  way 
as  demonstrated  by  Eq.  (5). 


derived  as 

Va  =  35(.v4  +  r4  +  r4)  -  21c4  (1) 

and 

Vt  =  23 1  (A-6  +  /  4-  r6)  -  3 1 5(.v4  +  y4  +  zA)r 

+  90/’.  (2) 

Following  the  rules  of  quantum  mechanics,  the 
potentials  are  transformed  into  effective  crystal-field 
operators.  These  are  the  familiar  expressions  //ai4  = 
0{\  +  50\  and  //ai6  =  Oj  -  21 O^.  In  case  of  lower 


symmetry,  additional  operators  are  required.  For  the 
diamond  and  related  crystal  structures  eight  different 
systems  can  be  distinguished,  ranging  from  high- 
symmetry  cubic,  via  axial  trigonal  and  tetragonal, 
towards  orthorhombic  and  monoclinic,  to  the  lowest- 
symmetry  case  of  the  triclinic  system.  Associated  crystal- 
field  potentials  represented  by  their  leading  second-order 
term  are  listed  in  Table  1.  Again,  the  expressions  for 
potential  are  transformed  into  operators  by  forming 
symmetrised  forms  of  corresponding  operators.  From 
these  operators,  the  matrix  elements  are  formed  in  the 
basis  set  of  the  16  spin  states  |15/2,m/>  of  the  erbium 
ion. 

The  more  general  expression  as  used  in  the  analyses  of 
cases  to  be  presented  is  of  the  monoclinic-I  form.  It  is 
given  by 


Ha  =  Fd  (cos  ?/  H,u  +  sin  ?/  Hmo] 

(3) 

with 

//«■  =  sin  X  //Cll4  +  cos  x  Hcuft 

(4) 

and 

//mo  =  COS  y  H-_: 

+sin  y[cos  8  Hxv  +  (1/2) \fl  sin  6{HVZ  4-  H-x)\. 

(5) 

The  usual  scaling  factors,  F{ 4)  =  60,  F( 6)  =  13860,  etc. 
are  included  in  the  operator  expressions.  Parameters  tj. 
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Fig.  1.  Crystal-field  energy  levels  in  state  4I]5 :  of  ZnSc:  Er* '  . 
fc)  Eight  levels  derived  from  the  photoluminescencc  spectrum, 
(a)  calculated  levels  in  cubic  symmetry  with  parameters  Vd-  = 
0.323,  x  =  -0.7  ,  (b)  averaged  to  five-line  spectrum,  and  (d) 
calculated  levels  in  monoclinic-I  symmetry,  parameters  FLr  = 
0.334,  i /  =  26.3  ,  x  =  -2.7  ,  y  =  37.0  ,  8  =  33.1  . 
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Fig.  2.  Crystal-field  energy  levels  in  state  A\i<1  of  the  Si-Er-I 
centre,  (c)  Eight  levels  derived  from  the  photoluminescence 
spectrum,  (a)  calculated  levels  in  cubic  symmetry  with  para¬ 
meters  Vd  =  0.430,  x  =  -1.7  ,  (b)  averaged  to  five-line 
spectrum,  and  (d)  calculated  levels  in  orthorhombic-I  sym¬ 
metry.  parameters  Fd-  =  0.437,  >/  =  19.3  ,  x  =  -2.0  ,  y  =  24.8  , 
r>  =  0  . 
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Parameter  ii  (degrees)  Parameter  ri  (degrees) 

Fig  3  Crystal-field  energy  levels  E  in  state  4Il5/2  of  the  non-  Fig.  4.  Crystal-field  energy  levels  E  in  state  4Ii5/2  of  the  non- 

cubic  ZnSe:  Er3  +  centre  as  a  function  of  parameter  n  of  cubic  centre  Si-Er-1  as  a  function  of  parameter  ?  of  tetragonal 

tetragonal  distortion,  Vcf  =  0.323,  a  = -0.7°.  Data  points  in  distortion,  Vc[  =  0.430,  a  =  -1.7°.  Data  points  in  averaged 

averaged  cubic  symmetry  are  shown  at  if  =  0°.  Best  match  to  cubic  symmetry  are  shown  at  tf  =  0°.  Best  match  to  potential 

potential  with  tetragonal  symmetry  is  at  t]  —  19.7°.  with  tetragonal  symmetry  is  at  yj—  16.4  . 


a,  y  and  S,  in  the  range  -90° a,  y,  <5^;  +  90°,  decide 
upon  the  form  of  the  potential,  the  strength  is  given  by 
factor  Vcf.  Energy  eigenvalues,  together  with  coefficients 
of  wave  functions,  are  obtained  by  diagonalisation  of 
the  16  x  16  matrices. 


3.  Zeeman-effect  Hamiltonian 

By  adding  the  energy  of  the  Zeeman  effect,  the 
splitting  of  energy  levels  in  a  magnetic  field  B(BX,  By,  Bz) 
can  be  calculated.  The  relevant  Hamiltonian 

Hmf  =  gj(iB(BxJx  +  ByJy  +  BJZ)  (6) 

does  not  introduce  any  new  free  adjustable  parameters. 
For  the  ground  state  4Ii5/2  of  erbium,  the  Lande  factor 

9j  -  5- 

4.  Luminescence  spectra 

Well-identified  eight-line  photoluminescence  emission 
spectra  are  observed,  among  other  substances,  in  zinc 
selenide  and  silicon  [1,2].  From  these  spectra,  the 
positions  of  the  crystal-field  states  in  the  41 1 5/2  spin- 
orbit  ground  state  are  constructed.  An  inspection  of  the 
level  diagrams,  as  given  in  Figs.  1(c)  and  2(c),  suggests 


the  presence  of  pairs  of  lines,  which  find  their  origin  in  a 
relatively  small  splitting  of  quartet  levels  in  centres  of 
near-cubic  symmetry.  On  averaging  the  positions  of 
line  pairs,  an  analysis  in  cubic  symmetry  can  be  made 
[1].  The  result  is  included  in  Figs.  1  and  2  in  columns 
(a)  and  (b),  and  in  Figs.  3  and  4  by  the  data  points 
for  rj  =  0.  It  can  be  concluded  that  satisfactory  fits  can 
be  made.  Also,  with  nearly  equal  values  for  the  cubic 
field  parameter  a,  the  two  spectra  show  a  strong 
similarity. 

Actually,  the  eight-line  spectra  belong  to  centres  of 
lower-than-cubic  symmetry.  The  splitting  of  quartet 
levels  in  an  axial  field  of  tetragonal  symmetry  is 
shown  in  Figs.  3  and  4,  including  experimental  level 
positions  at  the  best  adjusted  value  of  parameter  17, 
governing  the  balance  of  cubic  and  tetragonal  poten¬ 
tials.  To  obtain  best  match  of  the  calculated 
level  positions,  least  squares  adjustments  were  made  to 
the  experimental  data  of  both  spectra.  Parameter 
sets  are  summarised  in  Figs.  1  and  2.  For  the  ZnSe 
centre  a  monoclinic-I  potential  was  found  to  give 
best  agreement.  The  Si-Er-1  centre  was  fitted  with 
orthorhombic-I  symmetry;  adding  any  monoclinic-I 
component  deteriorated  the  result.  Typical  root- 
mean-square  errors  are  around  4  cm-1,  therefore 
larger  than  the  estimated  experimental  errors  of 
around  1cm'1. 
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5.  Magnetic  resonance  spectra 

With  potential  parameters  determined  from  the 
optical  spectra,  the  splitting  of  doublet  levels  in  a 
magnetic  field  can  be  calculated  in  a  straightforward 
manner  with  the  Hamiltonian  Hmf  (Eq.  (6)).  Calcula¬ 
tions  were  restricted  to  the  regime  of  low  magnetic 
field,  in  which  the  Zeeman  effect  is  proportional 
to  the  magnetic  field  and,  hence,  the  g  tensors  are 
constant.  For  centre  ZnSe :  Er3  ? ,  the  monoclinic-I 
symmetry  is  in  agreement  with  the  reported  spectrum 
[1].  However,  the  calculated  principal  values  gl  =  1 1.96, 
g2  =  2.45  and  gy  —  4.86  deviate  substantially  from 
values  of  the  magnetic  resonance  spectrum  labelled  A. 
The  identification  of  optical  and  EPR  centres  is  thus 
not  supported.  For  centre  Si-Er-1,  the  calculated 
principal  g  values  are  g{(]U]]  =  3.33,  </,,  ,  n]  =  6.09 
and  ,</[!._ i.o]  —  10.27.  Evidently,  the  g  tensor  of  an 


orthorhombic  Si-Er-1  centre  in  silicon  cannot  be 
identified  with  the  monoclinic-I  EPR  spectrum  Si- 
OEr-1  reported  recently  [3].  In  view  of  different 
production  conditions  of  the  erbium  optical  centres  the 
result  is  not  surprising. 
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Abstract 

Based  upon  ab  initio  electronic  structure  calculations  with  super-cells  and  an  FLAPW  method,  we  discuss  the 
mechanism  of  the  ultra-fast  diffusion  and  the  reduction  of  the  migration  barriers  of  the  late  3d  transition  atom 
impurities  of  Co,  Ni  and  Cu  in  silicon.  The  reduction  mechanism  of  the  migration  barriers  of  the  late  3d  transition 
metal  impurities  is  due  to  the  pseudo- Jahn-Teller  interaction,  in  which  the  six-fold-coordinated  bonds  are  formed  at  the 
interstitial  D3d  symmetry  site  and  the  energy  gain  by  these  bonds  overcomes  that  of  the  four-fold-coordinated  bonds  at 
the  tetrahedral  Td  interstitial  site.  For  Sc,  Ti,  V,  Cr,  Mn  and  Fe  impurities  in  silicon,  the  Td  interstitial  site  is  more  stable 
than  the  D3d  site,  however,  for  Co,  Ni  and  Cu  impurities,  the  D3d  interstitial  site  becomes  more  stable  than  the  Td 
interstitial  site.  Calculated  migration  barriers  are  in  reasonably  good  agreement  with  the  experimental  data.  We  discuss 
the  systematic  variation  of  the  chemical  trend  of  the  migration  barrier  of  3d  transition  metal  impurities  in  silicon  based 
upon  the  calculation.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Cu  impurity;  Cu-wire  bonding;  Diffusion;  Migration  barrier;  Pseudo- Jahn-Teller  interaction;  Transition-metal  impurity; 
Si;  Diffusion  coefficients 


1.  Introduction 

The  3d  transition  metal  impurities  of  Sc,  Ti,  V,  Cr, 
Mn,  Fe,  Co,  Ni  and  Cu  (hereafter  called  3d  TM)  in 
silicon  show  the  large  variation  in  the  chemical  trend  of 
the  diffusion  coefficients  up  to  6  orders  of  magnitude  in 
the  difference  within  the  3d  TM  series  [1],  Late  3d  TM 
impurities  in  silicon,  such  as  Co,  Ni  and  Cu,  diffuse 
ultra-fast  and  the  measured  diffusion  coefficients  are 
larger  than  that  of  Li  or  H.  However,  early  3d  TM 
impurities,  such  as  Sc,  Ti,  V  and  Cr,  diffuse  very  slowly 
and  the  diffusion  coefficient  reduces  almost  6  orders  of 
magnitude  compared  with  the  late  3d  TM  impurities. 
For  a  long  time,  it  has  been  believed  that  the  large 
differences  and  chemical  trend  in  the  diffusion  coefficient 
of  3d  TM  series  in  silicon  is  due  to  the  difference  of  the 
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atomic  size  between  the  early  3d  TM  (large  atomic  size) 
and  the  late  3d  TM  (small  atomic  size).  Diffusion 
coefficient  (D)  is  given  by  D  =  Doexp(-AE/kBT),  where 
A E  is  the  migration  barriers  of  the  diffusion.  Since  the 
experimentally  observed  pre-factor  Do  of  diffusion 
coefficient  is  approximately  the  same  value  for  all  the 
3d  TM  impurities  in  silicon  (see  the  data  in  Ref.  [1]),  the 
large  chemical  trend  in  the  difference  of  D  originates 
mainly  from  the  difference  of  the  diffusion  barrier  (AD) 
in  the  experiment.  The  experimental  value  A E  changes 
one  order  from  Sc  (3.2eV  [1]),  Ti  (1.5-2.05 eV  [1]),  V 
(1.55-2.8 eV  [1]),  Cr  (0.79-1.1  eV  [1]),  Mn  (0.63-1.3eV 
[1]),  Fe  (0.43-1.1  eV  [1]),  Co  (0.37  eV  [1]),  Ni  (0.13- 
0.76 eV  [1])  to  Cu  (0.18-0.86eV  [1])  within  the  error  bars 
depending  on  the  various  experimental  methods.  The 
mechanism  of  the  large  chemical  trend  in  the  observed 
A E  should  be  ascribed  to  the  electronic  origin  because 
the  difference  of  the  A E  between  the  early  3d  TM  and 
the  late  3d  TM  impurities  in  silicon  is  almost  one  order. 
So  far,  there  is  no  ab  initio  electronic  structure 
calculation  to  study  the  origin  of  the  migration  barriers 
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in  the  diffusion  and  the  large  chemical  trend  of  the 
diffusion  coefficients  of  3d  TM  impurities  in  silicon. 

Based  upon  the  total  energy  calculation  using 
ab  initio  electronic  structure  calculation  by  the 
FLAPW  with  super-cell  method,  we  calculate 
the  systematic  variation  of  the  migration  barrier  of 
the  diffusion  for  3d  TM  impurities  of  Sc,  Ti,  V,  Cr,  Mn, 
Fe,  Co,  Ni  and  Cu  in  silicon.  We  give  the  calculation 
method  in  Section  2.  We  discuss  the  principal  mechan¬ 
ism  of  the  reduction  of  the  migration  barrier  of  the  late 
3d  TM  impurities  based  upon  the  pseudo  Jahn-Teller 
mechanism  in  Section  3.  In  Section  4,  we  give  the 
calculated  results  and  discussion.  Summary  is  devoted  in 
Section  5. 


2.  Calculation  method 

We  used  a  full  potential  linearized  augmented 
plane  wave  (FLAPW)  method  within  the  local 
density  approximation  (LDA)  with  the  super-cells 
containing  sixteen  silicon  atoms  and  one  3d  TM.  We 
assumed  the  non-magnetic  state  for  the  calculation  of 
the  migration  barrier  of  3d  TM  because  most  of 
the  measurement  of  diffusion  coefficient  is  done  at 
high  temperatures  up  to  1200  C.  Here,  solubility  of  Cu 
is  about  10lxcm  3  at  1200  C  and  10ncm  3  at 
room  temperature.  It  is  well  known  from  the  EPR 
measurement  that  the  isolated  V,  Cr,  Mn  and  Fe 
impurities  are  located  at  the  tetrahedral  (Tti)  interstitial 
site  in  silicon  at  low  temperatures  [2],  We  have 
no  available  EPR  data  for  Co,  Ni  and  Cu  impurities 
in  silicon.  Since  these  late  3d  TM  impurities  diffuse 
very  fast  even  at  the  low  temperature,  then  it  was 
very  difficult  to  observe  the  EPR  signals.  We  took  into 
account  the  interstitial  diffusion  mechanism  of  3d  TM 
impurities  in  silicon  and  calculated  the  migration 
barrier  through  the  interstitial  diffusion  mechanism. 
We  did  not  take  into  account  the  kick-out  mechanism 
or  direct  exchange  mechanism  of  diffusion  for  3d  TM 
impurities  in  silicon.  We  have  calculated  migration 
barriers  from  the  tetrahedral  Tci  interstitial  site  to 
the  next  nearest  Td  site  through  the  Dy\  (the  center 
of  six-atom  rings  of  the  silicon,  see  Fig.  1).  Total  energy 
is  calculated  for  seven  positions  of  3d  TM  on  the 
straight  lines  between  two  Tti  interstitial  sites.  The 
center  of  the  nearest  two  Tt]  interstitial  sites  is  the  D3ti 
site.  Since  the  large  atomic  radii  of  3d  TM  at  the 
interstitial  site  may  bring  a  large  lattice  relaxation,  we 
have  taken  into  account  the  lattice  relaxation  in  which 
we  relaxed  the  first  neighbor  silicon  with  keeping 
its  local  symmetry.  We  used  the  F  point  for  the  total 
energy  calculation  in  our  super-cells.  We  expand  the 
spherical  harmonics  up  to  /  =  7  in  each  muffin-tin  sphere 
(r  =  0.099  \a,  where  a  is  the  lattice  constant  and 
a  =  10.86  A). 


Fig.  I.  Interstitial  diffusion  model  through  the  path 
Tti  -+Ttj.  For  the  total  energy  calculation,  we  take  into 
account  the  lattice  relaxation  of  first  nearest  neighbor  silicon 
atoms. 


3.  Reduction  mechanism  of  the  migration  barrier  by 
pseudo-Jahn-Teller  interaction 

The  general  theory  of  the  bi-stability  of  impurities  in 
covalent  semiconductors  is  given  by  a  pseudo-Jahn- 
Teller  interaction  [3,4].  The  ground  state  energy  E{)(Q ) 
can  be  expanded  by  atomic  displacement  Q  (see  Fig.  2a), 

E„(Q)  =  E{)(  0)  +  \(KS  +  KV)Q2  +  0(Q4)  +  (1) 

Here  ATS  >  0  is  the  static  (s)  elastic  force  constant,  and 
Kv<0  represent  the  charge  relaxation  due  to  the 
displacement-induced  vibronic  (v)  coupling  between 
the  ground  states  |0>  and  excited  states  |/>, 

*v  =  -2  Y,  \<0m/8Q\iy\2/(E,  -  £„).  (2) 

1*0 

Pseudo-Jahn-Teller  distortions  (/Ts  +  ATv<0)  are  possi¬ 
ble  when  the  vibronic  coupling  competes  favorably  with 
static  force  constant  (see  Fig.  2b).  Eqs.  (1)  and  (2) 
suggest  that  one  should  search  for  structural  instabilities 
in  (i)  intrinsically  “soft”  semiconductors  (small  ATS)  such 
as  amorphous  semiconductors  or  semiconductor  sur¬ 
face,  and  (ii)  impurities  with  low-lying  excited  states  that 
couple  strongly  to  the  ground  state  through  displace¬ 
ment  (|ATV|  large)  such  as  the  element  with  p-s  coupling 
( <  0|  =  p,  01  —  s)  in  the  second  period  of  the  periodic 
table  or  IIB-VI  (IB— VII)  semiconductors  with  d-s 
coupling  (<0|  =  d,  </|  =  s)  containing  transition 
atoms  [3]. 

Hydrogenated  amorphous  silicon  (a-Si :  H)  is  intrinsic 
soft  (small  K,),  therefore  we  have  found  a  structural 
instability  (bi-stability)  tfs-f-^v<0  with  p-s  coupling 
between  the  states  near  the  valence  band  maximum 
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(generally  made  up  of  atomic  p-orbital)  and  the  states 
near  the  conduction  band  minimum  (generally  s- 
orbitals)  [5,6].  The  impurity  atoms  of  the  second  period 
of  the  periodic  table,  such  as  substitution  nitrogen 
impurity  in  crystalline  diamond  (c-C :  N),  are  also  a 
candidate  for  the  structural  instabilities  because  p-s 
coupling  between  2p-  and  2s-orbital  in  nitrogen  atom  is 
very  large  (large  |ATV|)  with  similar  spatial  distribution  of 
2p-  and  2s-orbitals  [7,8]. 

For  the  late  3d  TM  impurities  such  as  Co,  Ni  and  Cu 
in  silicon,  the  impurity  3d  states  (eg-states)  in  the  band 
gap  can  couple  strongly  with  the  low-lying  excited  states 
of  the  conduction  band  (4s-orbital)  due  to  the  strong  d-s 
coupling  in  the  pseudo- Jahn-Teller  interaction.  In  the 
case  of  Cu  impurity  in  silicon,  the  excitation  energy  from 
3d104s1  to  3d94s2  is  very  small  compared  with  that  of  the 
early  3d  TM  such  as  Ti  from  3d34sJ  to  3d24s2.  Then  we 
can  expect  the  structural  instability  for  the  late  3d  TM 
impurities  such  as  Co,  Ni  and  Cu  in  silicon,  in  which  Td 
site  becomes  unstable  due  to  the  bi-stability  and  3d  TM 
impurity  migrates  from  the  Td  site  to  the  more  stable 
lower  symmetry  D3d  site  by  reducing  the  migration 
barrier.  In  this  case  we  expect  the  reduction  of  the 
migration  barrier  with  forming  the  bi-stability  and  the 
re-bonding  from  Td  site  to  D3d  site  with  forming  another 
bond  due  to  the  strong  d-s  coupling  in  the  pseudo- Jahn- 
Teller  effect. 


Ks+Kv  >  0  Ks+Kv  <0 


E0(Q) 


(a) 


-L 

0 


E0(Q) 


Fig.  2.  Schematic  explanation  of  the  existence  of  bi-stability 
due  to  a  pseudo-Jahn-Teller  interaction,  (a)  Single  local 
minimum,  and  (b)  bi-stability  of  impurity  site. 


4.  Calculated  results  and  discussion 

It  is  well  known  that  the  most  of  the  3d  TM  impurities 
in  silicon  are  located  at  the  tetrahedral  interstitial  site 
(Td)  by  EPR  experiments  [2].  Very  small  Jahn-Teller 
distortions  are  observed  due  to  the  strong  covalency 
relative  to  the  ionicity  in  3d  TM  impurities  in  silicon  at 
the  Td  site.  Due  to  the  p-d  hybridization  between  the 
impurity  3d  orbital  and  host  p  orbital  at  the  Td 
interstitial  site,  it  forms  a  bonding  state  in  the  valence 
band  and  the  anti-bonding  counterpart  is  pushed  up  into 
the  band  gap.  Since  the  p-d  hybridization  between  the 
3dy  [3z2-r2,  x2-y2]  orbitals  and  p  orbitals  [pY,pv,pJ  of 
the  octahedrally  coordinated  second  nearest  neighbors  is 
larger  than  the  hybridization  between  the  3de  [xy,yz,zx] 
orbitals  and  p  orbitals  \pXipy,p=]  of  the  tetrahedrally 
coordinated  first  nearest  neighbors,  three  degenerate  t2g- 
states  are  located  below  the  two  degenerate  anti-bonding 
eg-states  [9,10].  The  energy  difference  between  the  eg- 
and  tog-states  is  called  the  crystal  field  splitting  (dCF)-  If 
the  exchange  splitting  (AEX),  the  energy  difference 
between  the  up  spin  and  down  spin  states,  is  larger 
than  the  zIcf,  high-spin  state  is  realized  [1 1].  Otherwise, 
the  low-spin  state  is  realized.  Here,  we  did  not  take  into 
account  the  spin-polarization  because  the  diffusion 
experiment  was  done  at  high  temperatures  up  to 
1200°C. 

Table  1  shows  the  stable  atomic  site  and  the  calculated 
migration  barriers  with  lattice  relaxation  and  without 
lattice  relaxation  compared  with  the  available  experi¬ 
mental  data.  The  large  ionic  radii  of  the  early  3d  TM 
impurities  such  as  Sc,  Ti,  and  V  show  the  large  lattice 
relaxation,  however,  the  late  3d  TM  impurities  such  as 
Fe,  Co,  Ni  and  Cu  show  the  small  lattice  relaxation  (see 
Table  1).  We  found  that  the  most  stable  atomic  position 
of  the  Sc,  Ti,  V,  Cr,  Mn  and  Fe  impurities  in  silicon  is 
the  Td  site,  a  maximum  of  the  migration  barrier  is 
located  at  the  D3d  site  (the  center  site  of  the  two 
connected  Td  sites,  and  the  center  of  six-fold-coordi¬ 
nated  rings  of  silicon  atoms  in  Fig.  1).  On  the  other 
hand,  the  D3d  site  becomes  more  stable  for  the  late  3d 
TM  impurities  of  Co,  Ni  and  Cu  in  silicon.  We  show 
the  adiabatic  potential  surface  of  Cu  impurity  in 
silicon  through  the  migration  path  Td->D3d->Td 


Table  1 

Experimentally  observed  migration  barriers  [1],  calculated  migration  barriers  without  lattice  relaxation,  calculated  migration  barriers 
with  lattice  relaxation  of  3d  transition  metal  impurities  in  silicon.  The  most  stable  atomic  site  of  the  impurity  is  indicated  in  the  table 


3d  TM  element 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Experiment  (eV) 

3.20 

1.5-2.05 

1.55-2.8 

0.79-1.1 

0.63-1.3 

0.43-1.1 

0.37 

0.13-0.76 

0.18-0.86 

Calculation  without  lattice  relaxation  (eV) 

5.48 

4.97 

3.96 

2.78 

1.74 

0.95 

0.49 

0.75 

0.35 

Calculation  with  lattice  relaxation  (eV) 

3.80 

3.76 

3.06 

2.07 

1.17 

0.30 

0.25 

0.31 

0.35 

Most  stable  atomic  site 

Td 

Td 

Td 

Td 

Td 

Td 

D3d 

D3d 

D3d 
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(see  Fig.  3).  The  mechanism  of  the  stability  at  the  lower 
symmetry  D3d  site  of  Co,  Ni  and  Cu  is  due  to  the 
pseudo-Jahn-Teller  interaction,  as  was  discussed  in 
Section  3,  which  is  caused  through  the  excitation  from 
the  3dn4s°  to  3d11  '4s1.  We  compare  the  charge 
density  of  Cu  impurity  at  the  Td  site  in  (1  I  0)  plane 
and  the  D3d  site  in  (1  1  0)  plane  (see  Fig.  4).  A  weak 


Fig.  3.  Adiabatic  potential  surface  of  Cu  impurities  in  silicon 
through  the  path  Tu->D3t,  ->Td.  The  position  of  Cu  impurity's 
position  is  (X,  Y ,  Z)  =  (a,  a .  a)  in  the  supcr-ccll. 


Fig.  4.  Calculated  the  charge  density  of  Cu  impurity  (a)  at  the 
Td  site  in  (1  1 0)  plane  and  (b)  the  D3d  site  in  (I  1 0)  plane. 


bond  between  the  anti-bonding  state  (conduction  band) 
of  silicon  and  Cu-4s  state  are  formed  at  the  D3d  site  with 
stabilizing  the  bond.  Since  the  coordination  number  of 
six  at  the  D3d  site  is  larger  than  that  of  four  at  the  Td 
site,  the  energy  gain  at  the  D3d  site  due  to  the  pseudo- 
Jahn-Teller  interaction  overcomes  that  of  at  the  Td  site. 
We  can  confirm  this  stability  mechanism  in  the  Cu-4s 
partial  density  of  states  in  Fig.  5,  in  which  the  Cu-4s 
state  are  occupied  below  the  Fermi  level  ( Ef )  with 
forming  a  bond  between  the  Si  anti-bonding  state  and 
the  Cu  4s  states  (see  Fig.  4).  We  calculate  the  diffusion 


Fig.  5.  Calculated  (a)  total  density  of  states  of  host  silicon  in 
the  super-cell,  (b)  total  density  of  states  of  Cu  at  the  Djj  site,  (c) 
Cu-4s  partial  density  of  states  at  the  Dw  site,  where  Cu-4s  state 
are  occupied  below  the  Fermi  level  (£F)  with  forming  a  bond 
between  the  Si  anti-bonding  state  and  the  Cu-4s  states,  and  (d) 
Ni-4s  partial  density  of  states  at  the  D3J  site. 
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barriers  using  the  adiabatic  potential  surfaces  of  the 
3d  TM  impurities  in  silicon  through  the  paths 
Td  — *  D3d  — ►  Td  and  D3d  ~ ►Td  ~ ),D3d  sites  (see  Fig.  2). 
Calculated  diffusion  barriers  are  in  good  agreement 
with  the  experimental  data  within  the  experimental 
error  bars. 

The  development  of  the  control  method  for  the  ultra¬ 
fast  diffusion  of  Cu  becomes  very  important  from  the 
technological  point  of  view,  because  recently  a  Cu-wire 
bonding  in  silicon  devices  to  reduce  the  contact 
resistivity  has  also  become  very  important  in  silicon 
device  technology  where  the  migrated  interstitial  Cu 
impurity  works  deep  in  the  impurity  levels  and  acts  as  a 
carrier  killer.  In  order  to  develop  the  impurity-gettering 
technology  of  Cu  impurities  in  silicon,  we  should 
understand  the  mechanism  of  the  ultra-fast  diffusion  of 
Cu.  Then,  we  can  speculate  and  design  a  new  impurity- 
gettering  technology  of  Cu  impurity  in  silicon  based 
upon  the  calculation. 


5.  Summary 

We  discuss  the  chemical  trend  of  the  migration  barrier 
and  the  electronic  structure  of  3d  transition  metal 
impurities  in  silicon  by  ab  initio  electronic  structure 
calculations  with  super-cells  and  FLAPW  method.  We 
calculate  the  electronic  structure  and  migration  barrier 
of  diffusion  of  3d  TM  impurities  in  silicon.  We  propose 
the  mechanism  of  the  ultra-fast  diffusion  and  the 
reduction  mechanism  of  the  migration  barriers  of  the 
late  3d  transition  atom  impurities  of  Co,  Ni  and  Cu  in 
silicon.  The  reduction  mechanism  of  the  migration 
barriers  of  the  late  3d  transition  metal  impurities  such 
as  Co,  Ni  and  Cu  is  due  to  the  pseudo- Jahn-Teller 
interaction,  in  which  the  six-fold-coordinated  bonds  are 
formed  at  the  lower  D3d  symmetry  at  the  interstitial  site 
and  the  energy  gain  by  these  bonds  overcomes  that  of 
the  four-fold-coordinated  bonds  at  the  tetrahedral  Td 
interstitial  site.  For  Sc,  Ti,  V,  Cr,  Mn  and  Fe,  the  Td 
interstitial  site  is  more  stable  than  the  D3d  site,  however, 
for  Co,  Ni  and  Cu,  the  D3d  interstitial  site  becomes  more 


stable  than  the  Td  interstitial  site.  Calculated  migration 
barriers  are  in  good  agreement  with  the  available 
experimental  data. 
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Abstract 

Gold  diffusion  in  Czochralski  grown  (Cz)  Si  with  and  without  nitrogen,  introduced  during  growth,  has  been  studied. 
It  IS  found  that  the  Au  concentration  in  substitutional  positions  after  diffusion  at  700  C  750  C  and  800'C  in  Cz  Si 
doped  with  nitrogen  is  always  less  than  that  in  usual  Cz  Si.  A  decrease  of  the  substitutional  Au  concentration  in 
nitrogen  doped  crystals  can  be  explained  under  the  assumptions  that  nitrogen  or  nitrogen-related  centers  stimulates 
oxygen  precipitation  and  suppresses  the  grown-in  defect  formation,  (r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Gold  and  platinum  diffusion  is  now  widely  used 
for  studying  the  defect  distribution  in  crystalline 
silicon  [1-7].  These  impurities  are  known  to  diffuse 
at  high  temperatures  via  the  kick-out  mechanism  [8]. 
That  means  that  gold  can  diffuse  very  quickly  over 
interstitial  sites  Au,  and  then  Auj  are  transformed  into 
electrically  active  substitution  sites  Au,  via  the  kick-out 
reaction 

Aus  +  /<*>Au,.  (i) 

This  reaction  is  accompanied  by  self-interstitial  / 
generation  and  the  excess  self-interstitials  should  be 
annihilated  at  sinks:  the  surface  in  defect-free  silicon 
or  additionally  on  bulk  defects.  Therefore,  the  I 
concentration  and,  in  turn,  the  Au,  distribution  is 
sensitive  to  the  change  of  the  self-interstitial  generation 
or  annihilation  rates.  So.  the  defects  playing  a  role  of 
effective  sinks  for  self-interstitial  atoms  could  lead  to 
an  essential  increase  in  the  Au,  concentration.  Such 
an  increase  was  observed  in  dislocated  [1]  or  ion- 
implanted  [4-6]  silicon  and  in  silicon  containing 
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grown-in  vacancy  type  defects  [3].  On  the  other  hand, 
a  decrease  in  the  Au,  concentration  is  usually  associated 
with  an  enhanced  self-interstitial  generation  that  could 
lead  to  a  reversion  of  the  kick-out  reaction.  An  essential 
decrease  in  the  Aus  concentration  was  observed  [2]  after 
gold  diffusion  in  Czochralski  (Cz)  grown  silicon 
samples,  in  which  the  effective  nucleation  sites  for 
oxygen  precipitation  were  generated  by  preliminary 
annealing,  and  in  Si  with  H-  and  He-implantation 
induced  nanocavities  [7]. 

Nitrogen  is  known  to  affect  many  of  silicon  properties 
[9].  Thus,  it  locks  dislocations,  increasing  the  Si  wafer 
mechanical  strength  [10,11]  and  suppresses  the  creation 
of  oxygen-related  thermal  donors  [12,13].  Recently  it 
was  found  that  nitrogen  can  enhance  the  nucleation  of 
oxygen  precipitation  [14]  and  suppress  void  defects 
aggregated  by  vacancies  [15].  The  nitrogen  solubility 
limit  in  Si  is  rather  small  (about  10I?cm  3);  usually  it  is 
present  in  silicon  in  an  electrically  inactive  state,  only  a 
small  part  of  the  nitrogen  interacting  with  oxygen 
produces  shallow  donors  [16.17],  Therefore,  onlv  a 
limited  number  of  characterization  techniques  can  be 
used  to  reveal  the  nitrogen-related  defects  that  study 
their  effect  on  Si  properties.  One  of  such  methods  could 
be  associated  with  a  study  of  nitrogen  effect  on  the 
generation  and  annihilation  of  intrinsic  point  defects  by 
investigations  of  gold  diffusion.  The  sensitivity  of  gold 
diffusion  to  grown-in  defects  increases  with  decreasing 
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diffusion  temperature.  Oxygen  precipitation  leading  to 
self-interstitial  generation  also  depends  on  the  annealing 
temperature.  Therefore,  to  separate  the  effect  of  both 
processes  the  gold  diffusion  should  be  carried  out  in  a 
rather  wide  temperature  range. 

In  the  present  paper  a  comparative  study  of  the  Aus 
concentration  in  n-type  Si  grown  by  the  Czochralski 
(Cz)  method  in  an  argon  or  nitrogen  atmosphere  after 
diffusion  annealing  in  the  temperature  range  from  700°C 
to  800°C,  has  been  carried  out.  It  is  shown  that  in 
nitrogen  containing  crystals  the  Aus  concentration  is 
lower  than  that  in  Si  grown  in  an  argon  atmosphere.  The 
results  obtained  are  explained  taking  into  account  the 
nitrogen-related  stimulation  of  oxygen  precipitation  and 
the  suppression  of  vacancy  type  grown-in  defect 
formation. 


2.  Experimental 

Cz  Si  wafers  of  n-type  conductivity  with  a  thickness  of 
300  pm  doped  with  phosphorus  to  a  concentration  of 
about  1014cm-3  were  used  in  our  experiments.  Nitrogen 
doped  Si  ingots  (NCz)  were  grown  in  a  nitrogen 
atmosphere  while  the  Cz  ingots  without  nitrogen  were 
grown  in  similar  conditions  but  in  an  argon  atmosphere. 
Pairs  of  Cz  and  NCz  Si  wafers  cut  from  almost  the  same 
tail  or  head  parts  of  ingots,  which  contain  very  similar 
oxygen  concentrations  of  about  1.0x10 18  cm  3  and 
similar  phosphorus  concentrations,  were  compared.  The 
oxygen  and  carbon  concentrations  in  the  samples  were 
measured  by  IR  absorption  at  room  temperature  using 
the  calibration  factors  3.14  x  1017cm~2  for  oxygen  and 
1.0  x  1017cm~2  for  carbon,  respectively.  The  carbon 
concentration  was  less  than  5  x  1015cm-3.  All  samples 
studied  were  subjected  to  annealing  at  650°C  for  30  min 
after  growth  to  anneal  oxygen-related  thermal  donors. 
In  the  NCz  samples  nitrogen-oxygen  shallow  donors  are 
formed  under  such  annealing  [16,17].  On  one  side  of  the 
samples,  gold  films  with  a  thickness  of  about  30  nm  were 
evaporated.  Then  gold  diffusion  annealing  was  carried 
out  at  700°C,  750°C  or  800°C  for  lh  in  air.  After 
diffusion  annealing  a  layer  of  about  50  pm  thickness  was 
removed  by  mechanical  polishing  from  one  side  of  all 
gold  diffused  samples.  Then  the  samples  were  chemically 
etched  for  removing  the  damaged  layer,  and  Schottky 
barriers  were  formed  on  the  polished  surface  by  thermal 
evaporation  of  Au.  Ohmic  contacts  were  produced  by 
scratching  the  back  side  of  the  samples  with  the  eutectic 
InGa  alloy.  The  Aus  concentration  and  its  depth  profile 
were  measured  by  deep  level  transient  spectroscopy 
(DLTS).  The  total  Aus  concentration  was  calculated  as  a 
sum  of  the  concentrations  of  centers  with  the  deep  levels 
Ec  -  0.54  eV  and  Ec  -  0.20  eV,  associated  with  Aus  and 
gold-hydrogen  complexes  formed  under  chemical  etch¬ 
ing  [18,19],  respectively. 


3.  Results  and  discussion 

First  of  all  it  should  be  mentioned  that,  as  an 
extrapolation  of  high  temperature  data  [1,20,21]  shows 
(Fig.  1),  after  1  h  diffusion  the  Aus  concentration  in  the 
middle  of  the  wafer  at  diffusion  temperatures  below 
840°C  should  be  lower  than  that  of  the  Auj  solubility 
limit.  Therefore  the  question  arises  if  the  resulting  Aus 
concentration  is  determined  by  the  kick-out  reaction  at 
the  diffusion  temperatures  used  in  the  present  study.  To 
check  this  point  the  gold  profile  in  Cz  Si  after  700°C 
diffusion  was  measured.  It  is  seen  (Fig.  2)  that  even  in 
this  samples,  which  demonstrates  the  deviation  of  Aus 
concentration  from  that  in  defect-free  Si  (see  below),  the 
profile  measured  correlates  well  with  that  predicted  by 
the  kick-out  mechanism.  Besides,  the  measured  Aus 
concentrations  correlate  rather  well  with  those  predicted 
by  the  extrapolation  of  the  high  temperature  data 
(Fig.  3).  In  this  figure  the  results  obtained  on  the 


Fig.  1 .  Aus  concentration  in  the  middle  of  the  wafer  after  1  h 
diffusion  obtained  by  extrapolation  from  the  high  temperature 
experiments  [1,20,21].  The  solubility  limits  for  Auj  and  Aus, 
calculated  using  the  dependences  presented  in  Ref.  [21]  are 
shown  by  dotted  lines. 


Fig.  2.  Aus  profiles  measured  in  Cz  silicon  after  700°C  diffusion 
(points)  and  predicted  by  the  kick-out  mechanism  (solid  line). 
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Fig.  3.  Aus  concentrations  measured  by  the  DLTS  in  Cz  and 
NCz  silicon  (head  part  of  ingots)  after  diffusion  annealing  at 
700  C.  750  C,  and  800  C  for  1  h.  The  predicted  Aus  concentra¬ 
tions  at  the  depth  of  50  pm  and  in  the  middle  of  sample  arc 
shown  by  the  solid  and  dotted  lines,  respectively. 


samples  cut  from  the  head  part  of  the  ingots  are 
presented.  On  the  samples  cut  from  the  tail  part  of  the 
ingots  the  results  are  practically  the  same. 

It  is  seen  that  at  all  diffusion  temperatures  used, 
the  Au,  concentration  in  NCz  samples  is  lower  than 
that  in  the  corresponding  Cz  samples  and  the 
difference  between  the  two  types  of  crystals  increases 
with  decreasing  diffusion  temperature.  The  calculated 
Aus  concentrations  in  defect-free  Si  at  a  depth  of 
50  pm  and  in  the  middle  of  the  wafer  are  also 
presented  in  Fig.  3.  The  first  values  are  obtained  by 
multiplying  the  last  ones  by  1.6  (the  coefficient  obtained 
from  the  kick-out  profile).  It  is  seen  that  the  Aus 
concentration  in  Cz  samples  after  750'C  and  800'C 
diffusion  is  close  to  that  in  defect-free  Si  but  after  700'C 
diffusion  it  is  about  three  times  larger.  This  could  be 
explained  assuming  that  some  vacancy  type  grown-in 
defects  are  present  in  the  Cz  samples.  At  low  diffusion 
temperatures  these  defects  can  play  the  role  of  sinks  for 
self-interstitials  that  leads  to  the  Au,,  concentration 
increase.  The  increase  of  diffusion  temperature  leads  to 
an  increase  of  self-interstitial  generation  rate  that  can 
lead  to  the  disappearance  or  reconstruction  of  these 
grown-in  defects. 

The  Aus  concentration  in  NCz  samples  at  all 
temperatures  used  is  lower  than  that  predicted  for 
defect-free  Si.  This  decrease  can  be  explained  as  the 
result  of  an  enhanced  oxygen  precipitation  in  such 
crystals  that  was  already  observed  in  Ref.  [13].  Self¬ 
interstitials  generated  under  oxygen  precipitation  can 
reverse  the  kick-out  reaction  and  decrease  the  Aus 
concentration.  No  effect  of  grown-in  defects  on  the  Aus 
concentration  was  observed  in  NCz  Si  after  700' C 
diffusion.  This  could  mean  that  the  oxygen  precipitation 
effect  masks  that  of  the  grown-in  defects  or,  more 


probably,  that  nitrogen  suppresses  the  formation  of  such 
defects. 


4.  Conclusion 

Thus,  the  decrease  of  the  Aus  concentration  in  NCz 
samples  as  compared  with  that  in  Cz  samples  after  gold 
diffusion  in  the  temperature  range  from  700'C  to  800^C 
is  observed.  The  difference  is  found  to  increase  with 
decreasing  of  diffusion  temperature.  The  results  ob¬ 
tained  can  be  explained  by  the  effect  of  nitrogen  on  the 
grown-in  defect  formation  and/or  by  the  nitrogen- 
related  enhancement  of  oxygen  precipitation. 
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Abstract 

We  studied  the  TU2  and  TU3  ESR  spectra  from  an  iron-vacancy  pair  in  iron-doped  and  electron-irradiated  float- 
zone  grown  silicon  samples.  Isotopic  shifts  in  the  fine  structure  term  and  hyperfine  and  superhyperfine  interaction  terms 
of  the  spin  Hamiltonian  are  considered  in  detail.  We  obtained  that  the  change  in  the  spin  value  of  the  defect  is 
accompanied  by  a  modification  of  the  iron  atom  position.  The  existing  model  fails  to  explain  observed  large  anisotropy 
of  the  isotopic  effect.  £  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  presence  of  isotopic  shifts  in  the  ZFS  (fine 
structure)  term  of  the  spin  Hamiltonian  of  newly 
observed  spectra  from  the  iron-vacancy  pair  in  Si 
requires  simultaneous  treatment  of  terms  related  to 
hyperfine  (HF)  and  superhyperfine  (SHF)  splitting  and 
the  isotopic  shift.  A  quantitative  model  of  the  isotopic 
shifts  in  the  ESR  spectra  has  not  yet  been  developed. 
Qualitatively,  the  effect  can  be  considered  in  terms  of  the 
theory  for  localized  vibrational  modes  (see,  for  example, 
Ref.  [1]). 

Vibrations  of  atoms  near  equilibrium  positions  in  a 
defect  occur  with  local  vibrational  mode  frequency 
a>F.oc(A/o/A/)li/2,  where  M0  and  M  are  the  masses  of 
lattice  and  defect  atoms,  respectively  (Einstein’s  model). 
Hence,  isotopes  of  the  defect  atom  will  affect  (»v,.  Lattice 
atom  isotopes,  which  are  neighbor  to  the  defect,  should 
affect  “local”  Mu  value,  also  causing  variation  in  o)\\. 
Intensities  of  relevant  vibrations  will  combine  if  several 
lattice  atoms  are  situated  in  so-called  neighbor  shells, 
equivalent  positions  in  relation  to  the  defect  (similar  to 
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the  SHF  interactions  in  ESR).  However,  such  effect 
should  decrease  sharply  with  the  distance  from  the 
defect. 

Change  in  the  local  vibration  frequency  may  modify 
the  interaction  terms  of  the  spin  Hamiltonian  if  a  local 
interatomic  potential  has  significant  anharmonic  terms 
and/or  if  an  interaction  term  nonlinearly  depends  on 
atom  displacement  amplitude.  In  one  and/or  both  cases, 
the  ESR  signal  splits  up  into  a  number  of  peaks  defined 
by  the  total  number  of  isotopes  and  the  defect  structure. 
The  intensity  of  each  peak  is  determined  by  the  isotopic 
abundance  and  number  of  lattice  sites  in  the  relevant 
shell. 

Isotopic  shifts  have  been  observed  for  hyperfine  (HF) 
and  superhyperfine  (SHF)  interaction  terms  [2-7]  and 
for  the  ZFS  term  [8-12]  of  the  spin  Hamiltonian  in 
various  systems,  including  Si.  However,  the  small 
magnitude  of  the  effect  prevented  detailed  investigation. 
Some  theoretical  aspects  of  the  effect  were  also 
considered  [13,14]. 

In  the  first  part  of  our  report  [15],  we  presented  results 
on  unique  properties  of  new'  TU2  and  TU3  ESR  spectra 
in  Si  and  identified  the  composition  of  the  related  defect. 
Herein,  we  consider  the  microscopic  structure  of  the 
defect,  the  HF  and  SHF  terms  and  isotopic  shifts  in  the 
ZFS  term  of  the  spin  Hamiltonian. 
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2.  Experimental 

Details  of  sample  preparation  and  experimental 
procedures  are  given  in  the  first  part  of  the  report  [15]. 
Peaks  related  to  the  HF  and  SHF  splitting  in  the  TU2 
and  TU3  spectra  were  not  well  resolved.  Moreover, 
peaks  related  to  the  isotopic  shifts  in  the  ZFS  term 
complicated  the  spectra.  To  determine  the  positions  and 
intensities  of  the  individual  resonance  peaks,  it  was 
necessary  to  decompose  the  spectra. 

Fitting  of  experimental  spectra  from  samples  doped 
with  natural  iron  was  carried  out  only  after  the  isotopic 
shifts  related  to  iron  isotopes  and  HF  splitting 
parameters  were  determined  from  analyses  of  Si  samples 
enriched  with  57Fe  and  54Fe  isotopes.  All  experimental 
spectra  were  fitted  with  the  same,  the  least  possible 
number  of  individual  peaks  having  similar  width  and 
shape  (a  derivative  of  Gaussian  function).  Intensity  of 
each  peak  was  defined  from  the  main  peak,  i.e.  the 
56Fe28Si  isotope  peak,  using  isotopic  abundances  and 
the  supposed  number  of  equivalent  neighbor  Si  atoms  in 
a  shell.  The  width  and  intensity  of  the  main  peak  were 
allowed  to  vary  with  a  change  in  sample  orientation. 


3.  Results  and  discussion 

In  Figs,  la  and  b,  the  experimental  and  fitted  spectra 
are  presented  together  with  “stick  diagrams”.  Similarly, 
precise  fits  were  obtained  for  all  sample  orientations 
toward  the  static  magnetic  field  except  in  the  close 
vicinity  of  the  “transient  orientations”  [15],  where  fitting 
was  complicated  by  the  small  intensity  and  large  width 
of  the  peaks. 

The  character  of  angular  dependencies  of  the  HF/ 
SHF  splitting  and  isotopic  shifts  was  similar  for  all 
isotopes  of  iron  and  Si.  In  Figs.  2a  and  b,  results 
obtained  for  the  case  of  57Fe  isotope  are  presented  as  a 
typical  example.  These  data  were  obtained  directly  from 
experiments  on  57Fe-enriched  samples.  The  fitted  para¬ 
meters  for  the  HF  interaction  are  presented  in  Table  1. 
The  HF  splitting  anisotropy  was  not  affected  by  the 
isotopic  shifts  of  the  ZFS  term  of  the  spin  Hamiltonian. 

From  the  fitting  results  for  the  TU2  and  TU3  spectra, 
the  SHF  interaction  with  two  shells  of  equivalent  lattice 
atoms  can  be  separated,  one  shell  containing  3  Si  atoms 
and  the  other  containing  6  Si  atoms  in  equivalent 
positions.  Interestingly,  the  SHF  interaction  parameter 
of  the  shell  with  3  Si  atoms  is  larger  than  that  of  the  shell 
with  6  Si  atoms  in  the  case  of  the  TU3  spectra.  On  the 
contrary,  for  the  TU2  spectra  the  interaction  with  atom 
shell  containing  6  Si  atoms  is  stronger.  Considering  the 
microscopic  structure  of  the  defect,  two  appropriate 
lattice  sites  along  the  defect  axis  to  a  neighboring 
vacancy  can  be  proposed  for  the  iron  atom:  a  tetrahedral 
interstitial  Td  site  (3  Si  atoms  in  the  nearest  shell  and  6  in 


Magnetic  field  (mT) 


Fig.  1.  Experimental  (symbols)  and  fitted  (thick  line)  TU3 
spectra  at  B  ||[1  10]  (a)  and  TU2  spectra  at  2J||[1 1 1]  (b).  Thin 
dashed  lines  and  numbered  bars  represent  individual  fitted 
peaks.  Bar  height  corresponds  to  relative  intensity.  Numbers: 
(l)56Fe28Si;  (2)56Fe29Si  (6  Si  shell);  (3)56Fe29Si  (3  Si  shell); 
(4)56Fe30Si  (6  Si  shell);  (5)56Fe30Si  (3  Si  shell);  (6)54Fe28Si; 
(7)57Fe28Si.  Experimental  conditions:  /res  =  9.064  GHz, 
T  —  1 1  K,  B  in  the  (1  1 0)  plane. 


the  second  shell)  and  a  position  between  the  Td  and  an 
antibonding  (AB)  site  (6  Si  atoms  in  the  nearest  and  3  in 
the  second  shell).  Thus,  we  can  suppose  that  the  change 
in  the  magnitude  of  the  defect  spin  in  the  magnetic  field 
[15]  is  accompanied  by  modification  of  defect  config¬ 
uration:  the  iron  atom  positioned  at  the  Td  site  in  the 
case  of  TU3  ( S  —  |)  is  transferred  closer  to  the  AB  site 
along  the  axis  of  the  defect  in  the  case  of  TU2  (S  =  1). 
This  microscopic  model  for  the  (Fej-V)0  pair  in  Si  differs 
from  that  of  substitutional  iron  (Fes)+  proposed  in  [12] 
for  the  similar  samples.  However,  we  can  suppose  that 
the  suppression  of  the  TU2  and  TU3  signal  by  the 
illumination,  observed  in  our  experiments,  is  caused  by 
charging  and  transformation  of  the  (Fej-Y)0  pair  to  the 
(Fes)+  configuration,  responsible  for  the  NL19  ESR 
spectra. 

The  magnitude  of  the  isotopic  shift  of  the  TU3  spectra 
is  constant  in  the  limits  of  experimental  error  for 
rotation  angles  that  are  far  from  the  transient  orienta¬ 
tions.  The  fractional  change  in  the  ZFS  parameter 
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Angle  from  Hl![100] 

Fig.  2.  Results  of  'v'Fe  enriched  Si  sample  measurements:  HF 
splitting  (a)  and  separation  between  the  main  5r,Fe2KSi  peak  and 
the  center  of  s'Fe~sSi  HF  doublet  (b).  Circles  represent  results 
for  TU2;  other  symbols  represent  results  for  TU3  ((V)  signal 
from  defect  axis  parallel  to  [1  1  1];  (A)  signal  from  [1  \  Tj).  Solid 
and  dashed  lines  in  (a)  represent  fitting  results  for  the  HF 
parameter.  The  dashed  line  in  (b)  represents  averaged  data  for 
rotation  angles  far  from  the  transient  orientations.  All 
experimental  conditions  are  as  indicated  in  Fig.  1. 


Table  1 

HF  and  SHF  parameters  of  spin  Hamiltonian.  We  used  the 
factor  PfmT)  —  g  x  4.66855  x  P(10  4  cm  !)  for  conversion  of 
energy  units  [16] 


Parameter/shell  (  x  10  4  cm  ') 

TU2 

TU3 

A  (J,Fe) 

4.5±0.2 

6.48±0.03 

^_(5;Fe) 

26.6+1.4 

5.07  +  0.03 

A  (2ySi/3Si) 

2.2  ±0.1 

4.51+0.06 

A_  pSi/3Si) 

6±2 

6.86  +  0.14 

A  (2vSi/6Si) 

3. 2+0. 2 

3.10  +  0.04 

A1  (2ySi/6Si) 

16±2 

4.52  ±0.08 

caused  by  the  substitution  of  56Fe  isotope  with  S7Fe, 
calculated  using  the  expression  derived  in  Ref.  [13], 
equals  to  SD/D*  -(1.4 ±0.2)  x  \0  4 .  This  value  is  close 
to  that  reported  in  Refs.  [8,10.13].  but  much  smaller 
than  that  reported  for  the  NL19  spectra  [12].  In  the 
vicinity  of  the  transient  orientations,  the  magnitude  of 
isotopic  shift  significantly  increases  for  the  TU3  spectra 
and  emerges  for  the  TU2  spectra. 


Tabic  2 

Isotopic  splitting  (A H)  caused  by  iron  and  lattice  atom  isotopes 
in  the  TU3  spectra  for  the  rotation  angles  far  from  the  transient 
orientations 


Isotope 

Shell 

AH  (inT) 

54Fe 

0.1 1  ±0.02 

57Fc 

-0.042  +  0.005 

2ySi 

3  Si 

0.046  +  0.013 

-v,Si 

3  Si 

0.11+0.02 

2ySi 

6  Si 

0.035  +  0.012 

3,,Si 

6  Si 

0. 1 2  ±  0.02 

In  Table  2  experimental  splitting  magnitudes  are 
presented  for  various  isotopes  and  lattice  atom  shells  in 
the  case  of  the  TU3  spectra.  These  data  are  calculated 
for  rotation  angles  that  are  far  from  the  transient 
orientations.  It  is  clearly  seen  that  isotopes  of  iron  and 
those  of  the  surrounding  Si  atoms  modify  the  ZFS 
parameter  in  an  opposite  manner.  A  similar  phenomen¬ 
on  was  previously  reported  for  the  Sn-vacancy  pair  in  Si 
[10]  and  agrees  with  Einstein’s  model.  The  shift 
magnitudes  can  also  be  fitted  well  with  the  (M{)/M)i  f2 
dependence.  In  the  limits  of  experimental  errors  we  did 
not  detect  variation  in  the  magnitude  of  the  isotopic 
shifts  with  temperature  in  the  range  from  6  to  18  K. 

Obtained  results  agree  with  the  model  for  isotopic 
shifts  [13]  when  sample  rotation  angle  is  far  from  the 
transient  orientations.  Observed  anisotropy  and  large 
magnitude  of  the  effect  near  the  transient  orientations 
requires  further  investigation  and  explanation.  One 
possibility  is  to  suppose  that  the  amplitude  of  iron  atom 
vibration  close  to  the  transient  orientations  becomes 
much  larger  due  to  the  changes  in  defect  structure, 
causing  an  increase  in  the  isotopic  shifts. 

In  conclusion,  two  different  spin  values  for  the  ESR 
spectra  of  the  iron-vacancy  pair  in  silicon  are  related  to 
the  defect  structure  with  different  positions  of  iron  atom 
along  the  axis  to  a  neighboring  vacancy.  The  TU3 
spectra  with  S  =  originate  from  the  configuration  in 
which  an  iron  atom  is  positioned  at  the  Td  site,  while  the 
TU2  spectra  with  S  —  1  originate  from  the  defect  with 
iron  positioned  between  the  Td  and  AB  sites.  The  cause 
of  the  observed  transition  remains  to  be  established.  The 
existing  models  for  the  isotopic  shift  cannot  explain  the 
anisotropy  and  large  magnitudes  of  the  shifts  observed 
near  the  transition  orientations. 
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Abstract 

Copper-implanted  silicon  and  floating-zone  silicon  doped  with  copper  during  crystal  growth  have  been  studied  by 
means  of  capacitance  spectroscopy  (deep-level  transient  spectroscopy,  DLTS)  and  photoluminescence  (PL).  The 
hydrogen  was  incorporated  by  either  wet-chemical  etching  or  hydrogen-plasma  treatment.  The  evolution  of  defects 
after  the  incorporation  of  the  impurities  and  further  annealing  steps  was  investigated.  PL  in  combination  with  DLTS 
was  used  to  unambiguously  identify  the  copper-copper  pair  and  clarify  a  recent  controversy  about  the  identification  of 
the  1.01 4  eV  luminescence  line.  Drift  and  diffusion  experiments  provide  an  insight  into  the  structure  of  this  center. 
C:  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Copper  impurities  in  silicon  have  been  studied  for  a 
very  long  time.  Recently,  there  has  been  a  renewed 
interest  in  this  field,  which  has  been  fueled  by  new 
applications  of  copper  in  semiconductor  technology. 
Copper  metalization  for  computer  chips  needs  detailed 
knowledge  about  copper-diffusion  [1,2]  and  suitable 
diffusion  barriers  in  silicon.  A  defect  which  has  been 
intensively  studied  recently  was  originally  assigned  to  be 
a  Cu-pair  defect  [3-5]  and  has  now  been  re-interpreted  in 
the  light  of  a  new  PL-study  as  a  defect  containing  a 
single  Cu-atom  [6,7].  The  interstitial  copper-species 
displays  some  similarities  to  the  behavior  of  hydrogen 
in  silicon:  Both  are  fast  diffusers,  which  is  especially  true 
for  Cu;  they  can  both  form  neutral  complexes  with 
shallow  acceptors,  where  the  hydrogen-complexes  are 
thermally  more  stable;  and  both  species  can  undergo 
reactions  with  many  intrinsic  or  impurity  defects  [8].  In 
this  paper  we  present  data  that  confirm  the  original 
assignment  of  a  Cu-pair  defect  and  we  also  give  details 
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of  the  interaction  of  copper-related  defects  with 
hydrogen. 


2.  Experimental 

The  defect  reactions  of  copper  and  hydrogen  were 
studied  in  two  different  sets  of  samples.  (A)  Copper  was 
dissolved  in  the  melt  of  silicon  and  incorporated  into  the 
crystal  during  the  floating  zone  growth  process.  The 
boron  concentration  of  the  p-type  crystals  was  about 
2x  1015cm  \  A  second  p-type  crystal  was  Cu-doped 
with  the  same  technique  but  contained  grown-in 
dislocations.  The  boron  concentration  for  the  dislocated 
crystal  was  about  1  x  10l4cm“\  (B)  A  set  of  p-type 
floating  zone  silicon  with  a  boron  concentration  of 
1  x  10,4cm  3  was  copper  implanted  with  various  doses 
at  room  temperature  and  afterwards  annealed  at  700 "C 
for  30  min. 

For  copper  indiffusion  at  room  temperature,  a  piece 
of  pure  copper  wire  (99.999%)  was  dissolved  in  a 
mixture  of  HF :  HNOi  (1:6).  Before  photoluminescence 
(PL)  or  deep-level  transient  spectroscopy  (DLTS) 
measurements  samples  were  either  etched  in  this  copper 
saturated  solution  or  in  the  same  mix  of  acids  without 
any  copper. 
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PL  was  excited  with  the  514.5  nm  line  of  an  argon-ion 
laser  and  measured  at  4.2  K  with  a  liquid  nitrogen 
cooled  germanium  detector  with  a  standard  lock-in 
technique.  The  setup  used  for  the  DLTS  measurements 
was  a  home-built  system  using  analogue  filtering  of  the 
transients  and  a  liquid  helium  cryostat  for  measurements 
down  to  40  K. 


3.  Results 

Fig.  1  shows  DLTS  spectra  of  the  dislocation-free 
silicon  crystal  and  the  PL-spectra  from  this  sample  is 
depicted  in  Fig.  2a.  The  zero  phonon  luminescence  line 
at  1.014eV  is  well  known  and  has  been  extensively 
studied  before  [3-7].  In  the  following,  we  will  call  this 
luminescence  center  CuPL  following  the  nomenclature  of 
[6]  and  likewise  denote  the  DLTS-center  at  Ey  +  0.1  eV 
Cudlts-  In  the  as-grown  dislocation-free  samples  these 
are  the  dominant  centers  in  PL  as  well  as  in  DLTS.  In 
the  dislocated  material  neither  the  PL-  (Fig.  2b)  nor  the 
DLTS-signal  (Fig.  3a)  can  be  found.  Instead,  the  levels 
for  substitutional  copper  [9,10]  and  copper-hydrogen 
complexes  [11]  were  measured  with  DLTS,  while  the 
photoluminescence  showed  a  broad  line  at  0.807  eV 
which  is  related  to  dislocations  [12]. 


0  100  200  300 


T(K) 

Fig.  1 .  DLTS-spectra  of  the  melt-doped  dislocation-free  crystal 
(a)  spectra  taken  after  standard  etch,  (b)  spectra  taken  after 
etching  in  copper  solution,  (c)  spectra  taken  after  an  additional 
annealing  step  at  250°C  for  30  min,  and  (d)  reference  sample. 


Fig.  2.  Photoluminescence  spectra  of  the  dislocation-free  crys¬ 
tal  (a)  and  the  dislocated  crystal  (b). 


Fig.  3.  DLTS-measurements  of  the  melt-doped,  dislocated 
crystal  (a)  spectra  taken  after  standard  etch  and  (b)  spectra 
after  etching  in  copper  solution. 


In  the  following,  we  describe  some  simple  annealing 
and  diffusion  experiments  performed  with  the  disloca¬ 
tion-free  samples:  Annealing  at  250°C  for  30  min  almost 
completely  removes  CuDLTS,  instead  the  levels  of 
substitutional  copper  and  of  the  copper-hydrogen 
complexes  are  found  (Fig.  lb).  In  the  next  step,  the 
annealed  sample  is  etched  in  a  copper-containing 
solution,  which  again  restores  the  signal  CuDLTS 
(Fig.  lc).  In  a  reference  sample  of  FZ  silicon  with  a 
similar  boron-concentration  but  no  Cu-doping,  no 
defects  could  be  detected  after  etching  in  the  same  Cu- 
containing  solution  (Fig.  Id). 

In  the  dislocated  sample  the  transformation  from  the 
substitutional  Cu-defect  to  CuDLts  can  be  seen  after 
etching  with  a  Cu-containing  solution  (spectra  2b)  but 
is  not  as  efficient  as  in  the  dislocation-free  material. 
The  dominant  DLTS  peak  comes  from  a  level  at 
Ey  +  0.185eV  and  is  labeled  CudLTS.  This  level  together 
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Fig.  4.  PL  and  DLTS  data  of  a  Cu-implanted  sample  after 
annealing  at  700  C  for  30  min  and  rapid  quenching  to  room 
temperature. 

with  CuDLts  is  also  found  in  the  Cu-implanted  samples 
that  have  been  annealed  at  700'C  for  30  min  (Fig.  4).  PL 
measurements  on  the  implanted  samples  detected  the 
features  of  both  CuPL  and  a  system  of  lines  reported  by 
Flenry  and  coworkers  in  Refs.  [13,14]  and  labeled  as  Cu*. 


4.  Discussion 

The  annealing  and  diffusion  experiments  show  that 
the  CuDLTS  can  be  transformed  into  the  defect 
attributed  to  substitutional  Cus  [9,10].  The  PL  measure¬ 
ments  show  an  analogue  behavior  of  the  CuPL  defect. 
Cus  cannot  be  detected  in  luminescence,  but  the 
experiments  are  consistent  with  the  former  assignment 
of  CuDLTS  and  CuPL  to  the  same  copper  center  [5].  The 
annealing  experiments  show  that  Cudlts.  PI  is  thermally 
less  stable  than  the  substitutional  copper.  At  room 
temperature,  indiffusing  interstitial  copper  is  very 
efficiently  bound  to  Cus  and  restores  Cudlts.pl-  On 
the  other  hand,  the  defect  cannot  be  formed  at  room 
temperature  in  samples  where  no  Cus  is  present  before 
the  copper  indiffusion.  These  results  clearly  suggest 
Cudlts.pl  t0  be  a  copper-pair  defect  consisting  of  one 
substitutional  and  one  interstitial  copper  atom. 

In  Ref.  [6],  Nakamura  et  al.  observed  a  linear 
dependence  of  the  CuPL  signal  on  the  total  copper 
contamination.  They  annealed  silicon  samples  contain¬ 
ing  varying  Cu-concentrations  below  the  solubility  limit 
for  30  min  at  700TC.  The  intensity  of  CuPL  then  showed 
a  linear  dependence  on  the  incorporated  copper 
concentration,  which  led  them  to  suggest  that  the  defect 
consists  of  only  one  Cu-atom.  However,  also  in  terms  of 
the  pair-model,  the  linear  concentration  dependence  of 
the  Cudljs.pl  defect  can  be  understood.  The  law  of 
mass  action  gives  a  quadratic  dependence  on  the  total 
copper  concentration  for  the  reaction:  Cu  +  Cu  ~>Cup;lir. 


However,  this  chemical  equation  does  not  describe  the 
formation  of  the  defect  properly.  The  defect  formation 
as  evidenced  by  the  above  described  experiments  during 
annealing  is  rather  a  two-step  process  which  can  be 
described  as 

Cu;  +  K->Cus  at  temperature  T\t  (1) 

Cuj+Cus  ->  CujCus  at  temperature  Ti<T\.  (2) 

For  very  fast  quenching  after  the  annealing  one  can 
set  T]  =  700" C  and  73  as  room  temperature.  At  the 
elevated  temperature,  substitutional  copper  is  formed. 
The  concentration  Cus  is  thus  determined  by  Eq.  (1).  In 
the  limit  of  low  copper  concentration  one  would 
therefore  expect  [Cus]  =  Ar[Cutot],  with  k<\. 

When  quenched  to  room  temperature  the  remaining 
interstitial  copper  is  still  mobile  and  moves  freely  until 
trapped  to  some  defect.  The  main  sink  for  Cu;  is 
substitutional  copper  as  copper-boron  pairs  are  not 
stable  at  room  temperature  and  the  small  fraction  of  Cus 
lost  to  the  surface  can  be  neglected.  Thus,  if  k  >  0.5  then 
[CujCus]  =  [Cuj]  =  (1  -  A)[Culot],  otherwise  [C^Cus]  = 
[0/s]  =  A'[Culot],  In  both  cases,  the  concentration 
dependence  would  be  linear  as  observed  in  the  experi¬ 
ment  of  Nakamura  et  al.  [5]. 

In  the  limit  of  high  copper  concentration  the  solubility 
of  substitutional  copper  at  700‘C  would  be  reached  and 
therefore  [Cus]  =  const.  =  [CujCus]  as  no  additional 
[Cus]  can  be  formed  at  room  temperature.  Thus,  for 
higher  concentrations,  a  saturation  of  the  copper-pair 
concentration  would  be  expected  as  is  also  experimen¬ 
tally  observed.  The  results  from  the  melt-doped  silicon 
samples  support  this  analysis.  In  dislocation-free  silicon, 
the  copper-pair  defect  is  found  after  crystal  growth.  This 
situation  changes  in  dislocated  material  where  the 
dislocations  are  a  very  efficient  trap  for  the  interstitial 
copper  leaving  no  free  interstitial  copper  at  lower 
temperatures  for  the  formation  of  the  copper  pair. 
From  this  discussion  follows  that  the  observed  concen¬ 
tration  dependence  is  consistent  with  the  model  of  a 
CuiCus  defect. 

In  an  earlier  study,  a  quadratic  dependence  of  the  PL- 
intensity  on  the  Cu-concentration  was  found  [4].  Here, 
Cu  was  incorporated  in  high  concentrations  and 
annealed  so  that  the  solubility  for  different  temperatures 
ranging  from  700°C  to  1200‘C  was  reached.  In  order  to 
analyze  this  experiment  within  our  model,  the  equili¬ 
brium  concentrations  for  interstitial  copper  [15.16]  and 
the  vacancy  [17,18]  as  well  as  the  formation  enthalpy  for 
substitutional  copper  [8,19]  have  to  be  known.  From  the 
different  sets  of  values  that  can  be  found  in  the  literature 
we  get  [CU|»l]cc[Cu10,]2, 2“02  which  is  very  close  to  the 
experimental  finding  of  [CuPlJ  x  [Cutot]2  n±n  \  Thus, 
together  with  previous  experimental  results  on  the 
symmetry  of  the  center  we  confirm  the  original  assign¬ 
ment  of  the  Cudi.ts.im.  signal  to  a  CujCus  pair. 
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5.  Conclusion 

In  the  light  of  the  annealing  and  diffusion  experiments 
on  copper-doped  silicon  samples,  the  concentration 
dependence  of  the  1.014  eY  luminescence  line  and  the 
£v  +  0.1  eV  DLTS  center  is  carefully  analyzed  and  the 
originally  proposed  model  of  a  Cu-pair  defect  revisited. 
No  contradiction  to  the  established  model  of  the  CuiCus 
defect  can  be  found. 

The  microscopic  origin  of  Cu*  and  Cudlts  is  not 
clear.  The  luminescence  feature  with  a  zero-phonon 
line  at  943,7  meV  is  found  in  samples  with  low  Cu- 
contamination  and  has  tetrahedral  symmetry  [13].  It  is 
shifted  in  energy  by  -70meV  from  the  line  at  1.0 MeV. 
The  fact  that  it  shows  up  together  with  the  DLTS- 
level  at  Ey  +  0.185eV,  which  is  likewise  shifted  by 
approximately  +80meV  from  the  Cu-pair  at 
Ey  +  0. 1 00  eV  suggests  that  the  DLTS  peak  and  the 
photoluminescence  line  are  both  due  to  the  same  defect 
which  shows  remarkable  similarity  to  the  Cu-pair  defect. 
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Abstract 

Electron  paramagnetic  resonance  investigations  on  transition-metal-doped  silicon,  hydrogenated  at  high  temperature 
in  an  environment  of  water  vapor,  have  revealed  three  transition-metal-hydrogen  related  paramagnetic  centers  Si- 
NL65,  Si-NL64,  and  Si-NL68.  respectively,  in  the  samples  doped  with  platinum,  gold,  and  palladium.  The  spectra,  from 
the  sample  preparation  conditions,  and  the  experimentally  observed  hyperfine  structures  of  1:3:3:1-4:12:12:4- 
1  :3:3: 1  for  the  Si-NL65,  1  : 2 : 1-1  : 2 :  1-1  : 2 : 1-1  : 2 :  1  for  the  Si-NL64,  and  1:1  for  the  Si-NL68  spectrum,  were 
identified  as  complexes  of  one-platinum-three-hydrogen  (Pt-H.0,  one-gold-two-hydrogen  (Au-H2),  and  one- 
palladium-one-hydrogen  (Pd-H|),  respectively.  A  detailed  analysis  of  the  spin-Hamiltonian  parameters  of  the  centers, 
the  transition-metal  and  hydrogen  hyperfine  interactions,  has  been  carried  out  providing  adequate 
materials  for  establishing  electronic  and  microscopic  models  of  the  newly  observed  centers,  (c  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Si:  Defects:  Transition-metal -hydrogen  complexes:  EPR 


1.  Introduction 

The  properties  of  transition-metal-hydrogen  com¬ 
plexes  (TM-H)  in  crystalline  silicon  have  been  studied 
intensively  in  the  last  15  years.  As  a  result  of  this  effort, 
the  electronic  levels,  the  local  vibrational  modes,  and  the 
structure  of  a  number  of  TM-H  defects  have  been 
identified  mostly  by  deep  level  transient  spectroscopy 
(DLTS)  [1,2],  Fourier  transform  infrared  and  local 
vibrational  mode  (FTIR-LVM)  spectroscopy  [3,4]. 
These  techniques  have  given  valuable  information  about 
the  position  of  the  TM-H  levels  in  the  band-gap,  their 
electron  and  hole  capture  cross  sections,  local  vibra¬ 
tional  modes  associated  with  hydrogen,  and  the 
numbers  of  hydrogen  atoms  as  well  as  their  positions 
within  the  structure  of  the  defects  have  been  determined. 
However,  little  direct  information  has  been  obtained 
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about  the  microscopic  structure  and  the  chemical 
composition  of  TM-H  related  defects  as  the  electron 
paramagnetic  resonance  (EPR)  has  failed  to  detect  TM- 
H  related  centers  so  far.  Up  to  now.  the  Pt-H2  center 
was  the  only  case  in  which  both  the  structure  of  the 
defect,  and  its  electronic  properties  were  convincingly 
established  using  the  combined  results  from  EPR,  IR- 
LVM,  and  theoretical  calculations  [1.2. 5-7].  To  over¬ 
come  the  handicap,  in  this  paper,  we  report  on  the 
studies  of  TM-doped  hydrogenated  silicon  by  EPR. 
Three  TM-H  complexes  have  been  observed  and 
identified  as  containing  one  transition-metal  atom  and 
one,  two  and  three  hydrogen  atoms,  respectively,  for  the 
Pd-H|,  Au-H2  and  Pt-H2  centers.  Symmetries  of  the 
centers  have  been  measured  and  determined  as  mono- 
clinic-1  for  the  Pd-Hh  triclinic  for  Au-H2  and  trigonal 
for  Pt-Hi  centers.  A  detailed  analysis  of  the  experi¬ 
mental  spectra  has  been  carried  out  and  enabled  us  to 
determine  spin-Hamiltonian  parameters  of  the  centers. 
It  was  discovered  that  although  the  number  of  hydrogen 
atoms  in  each  center  is  different,  the  hydrogen  hyperfine 
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interactions  are  very  similar  with  their  isotropic  and 
anisotropic  parts  of  about  10  and  1  MHz,  respectively. 
This  common  character  of  observed  hydrogen  hyperfine 
interaction  is  reflected  in  the  electronic  and  atomic 
models  proposed  for  the  centers  in  which  the  hydrogen 
atoms  are  concluded  to  favor  the  interstitial  anti- 
bonding  sites  to  the  silicon  nearest-neighbor  atoms. 

2.  Experimental 

Phosphorus-doped  Czochralski-grown  silicon  with 
room-temperature  resistivity  in  the  range  of  0.75- 
125  Qcm  was  used  in  this  study.  The  crystal  was  oriented 
and  cut  into  bar-shaped  samples  with  typical  dimensions 
of  1.5  x  1.5  x  15  mm3,  and  with  the  longest  side  parallel 
to  the  [Oil]  crystal  direction.  Transition  metals  gold, 
platinum,  and  palladium  were  introduced  by  two 
different  methods,  either  by  evaporation  or  by  rubbing 
TMs  to  one  or  all  surfaces  of  the  samples,  and  then 
heated  at  1 200-1 300°C  for  several  hours.  The  hydro¬ 
genation  process  was  typically  performed  at  1250- 
1300°C  for  30  min  in  the  atmosphere  of  water  vapor. 
After  hydrogenation  the  samples  were  quenched  in 
water  at  room  temperature,  then  stored  in  liquid 
nitrogen  till  the  first  measurement.  Magnetic  resonance 
experiments  were  carried  out  using  a  superheterodyne 
spectrometer  operating  in  the  microwave  K- band  with 
the  frequency  near  23  GHz.  The  EPR  spectra  were 
measured  at  temperatures  of  4.2-20  K. 


3.  Results 

In  the  platinum-doped  hydrogenated  samples,  after 
hydrogenation,  depending  on  the  cooling  rate  of  the 
samples,  two  different  Pt-H  related  spectra  are  ob¬ 
served.  The  first  spectrum,  which  has  quite  high 
formation  probability  and  is  observable  in  all  samples 
investigated,  is  characterized  by  a  typical  hyperfine 
structure  of  1:2: 1-4 : 8 : 4-1 : 2 : 1,  identifying  the  well- 
known  Pt-H2  center  [3-5].  The  second  spectrum,  labeled 
Si-NL65,  detectable  only  under  visible-light  illumina¬ 
tion,  has  very  low  formation  probability  and  is 
observable  only  in  2  of  the  40  samples  made  with  very 
fast  cooling  rate.  The  Si-NL65  spectrum,  as  depicted  in 
Fig.  1 ,  is  characterized  by  a  hyperfine  structure  with  the 
relative  intensity  of  the  spectral  lines  typically  of  1 : 3  :  3 : 
1-4:12:12:4—1:3:3:1  as  being  due  to  the  hyperfine 
interaction  with  a  platinum  atom  (7=1/2,  33.8% 
abundance),  and  three  equivalent  atoms  with  7=1/2, 
100%  abundance.  In  Fig.  1  for  comparison,  the  EPR 
spectrum  of  the  Pt-H2  center  is  also  given  and  indicated 
by  dashed  arrows.  The  angular  dependence  of  the  Si- 
NL65  spectrum  has  been  measured  for  the  rotation  of 
the  magnetic  field  in  the  (Oil)  plane  from  a  [1  00]  to  a 


Fig.  1.  EPR  spectrum  of  the  Si-NL65  center  associated  with  the 
trigonal  Pt-H3  center  observed  in  the  platinum-doped  hydro¬ 
genated  sample  under  visible-light  illumination  for  the  magnetic 
field  B//  [0  1  1]  direction,  T  =  4.2  K,  and  microwave  frequency 
/  =  22.71369  GHz.  The  spectrum  is  characterized  by  a 
1:3:3:1-4:12:12:4-1:3:3:1  hyperfine  structure.  The 
Pt-H2  spectrum  with  hyperfine  structure  of  1 : 2 :  \-4 : 8 : 
4-1 : 2 : 1  is  also  observed  and  is  indicated  by  dashed  arrows. 


[0 1  1]  direction,  as  shown  in  Fig.  2,  revealing  the 
trigonal  symmetry  of  the  underlying  defect. 

In  palladium-doped  samples,  the  experimental  results 
showed  that  after  hydrogenation  the  EPR  spectrum  of 
the  Pd/  center,  which  was  observed  strongly  in  the 
samples,  has  disappeared  [8].  The  EPR  spectrum  of  Fef, 
and  in  several  samples  the  spectrum  of  the  Pd-Fe  pair, 
has  emerged  [9].  No  immediate  Pd-H  spectrum  was 
detected.  Practically,  the  observed  disappearance  of  the 
Pd/  center  after  hydrogen  treatment  suggests  a  possibi¬ 
lity  that  all  Pd/  centers  have  been  converted  to  other  Pd- 
related  centers  including  the  Pd-Fe  pair.  But  as  in  the 
experiments  only  the  Pd-Fe  pair  is  observed  with  much 
lower  intensity  after  hydrogenation  (or  not  observed  at 
all),  the  possibility  of  formation  of  Pd-H  complexes, 
which  are  neutral  or  non-paramagnetic,  has  to  be  taken 
into  account.  It  is  known  from  DLTS  experiments  that 
by  annealing  the  samples  at  temperatures  of  400-550  K, 
one  can  promote  the  conversion  processes  in  which  the 
hydrogen-related  centers  capture  or  release  one  or  more 
hydrogen  atoms  to  form  new  complexes  [10,1 1].  There  is 
a  possibility  that  the  new-formed  complexes  are  para¬ 
magnetic  and  observable  by  EPR.  We  therefore  have 
carried  out  the  isochronal  thermal  annealing  of  our 
samples.  Results  showed  that  after  annealing  at  450  K 
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[100]  [111]  [Oil] 


Fig.  2.  Angular  dependence  pattern  of  the  Si-NL65  spectrum 
as  measured  for  rotation  of  the  magnetic  field  in  the  (Ol  1)  plane 
from  the  [100]  to  [0  1  1]  directions.  The  experimental  data 
recorded  for  temperature  T  =  4.2  K  and  microwave  frequency 
/  =  22.731688GHz  are  presented  as  solid  circles.  The  trigonal 
symmetry  of  the  Pt-H3  is  clearly  determined. 


for  60  min.  the  EPR  spectrum  of  the  Pd”  center  has 
weakly  recovered.  Further  annealing  revealed  the 
gradual  recovery  of  the  Pd”  center.  At  the  same  time  a 
new  EPR  spectrum  is  emerging.  This  spectrum,  labeled 
Si-NL68  for  further  reference,  achieves  its  highest 
intensity  after  annealing  at  500  K  for  about  120  min, 
see  Fig.  3.  One  of  the  difficult  points  in  this  experiment 
is,  as  can  be  seen  in  Fig.  3,  the  very  low  intensity  of  the 
Si-NL68  spectrum,  even  at  its  highest  concentration. 
Also,  the  spectral  lines  are  superimposed,  in  many  parts, 
on  the  much  stronger  Pd~  and  P(s’  spectra.  Fortunately, 
by  careful  measurements  with  slower  scanning  speed  and 
highest  resolution,  we  were  still  able  to  collect  the 
positions  of  all  the  spectral  lines  versus  the  magnetic 
field  when  rotated  in  the  (Oil)  plane  from  the  [1  00]  to 
[Oil]  directions.  The  corresponding  pattern  is  shown  in 
Fig.  4  presenting  monoclinic-I  symmetry  for  the  Si- 
NL68  center.  Especially,  at  the  main  directions  [100] 
and  [01  1],  where  the  intensity  of  the  spectrum  is  higher, 
wre  observed  extra  twofold  splitting  in  each  of  the 
spectral  lines.  This  splitting  is  in  the  order  of  7-10  MHz 
and  is  anisotropic,  providing  evidence  for  the  hyperfine 
interaction  with  a  nucleus  with  spin  7=1/2  and  100% 
abundance. 

In  gold-doped  samples,  the  EPR  Si-NL64  spectrum  of 
the  Au-H2  center  is  recorded  directly  after  hydrogena- 
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Fig.  3.  EPR  spectrum  of  the  Si-NL68  center  observed  in  the 
palladium-doped  hydrogenated  sample  after  an  isochronal 
annealing  at  500  K  for  120  min.  The  Si-NL68  spectrum  is 
characterized  by  a  twofold  splitting  in  each  of  the  spectral  lines 
as  due  to  hyperfine  interaction  with  one  hydrogen  atom 
(/  =  1  /2,  100%),  as  shown  in  the  inset.  Magnetic  field  B //  [100]. 


[100]  [111]  [011] 


Fig.  4.  Angular  dependence  pattern  of  the  Si-NL68  spectrum 
observed  for  the  rotation  of  the  magnetic  field  in  the  (Oil)  plane 
from  the  [1  0  0]  to  [0  1  1]  directions,  disclosing  the  monoclinic-I 
symmetry  for  the  corresponding  defect. 


tion.  The  spectrum,  as  depicted  in  Fig.  5,  as  observed 
under  visible-light  illumination  for  the  magnetic  field 
about  10'  away  from  the  [0  1  1]  direction,  shows  a  very 
complicated  hyperfine  structure  with  a  large  number  of 


P.T.  Huy,  C.A.J.  Ammerlaan  /  Physica  B  308-310  (2001)  408-413 


411 


Angle  (degrees) 


Fig.  5.  Typical  EPR  spectrum  of  the  Si-NL64  center  observed 
in  the  gold-doped  hydrogenated  sample  under  visible-light 
illumination  for  the  magnetic  field  about  10°  away  from  the 
[0  1  1]  direction,  with  microwave  frequency /  =  23.0217  GHz,  at 
temperature  T  =  4.2K. 


Fig.  6.  Triclinic  angular  dependence  pattern  of  the  Si-NL64 
spectrum  observed  for  rotation  of  the  magnetic  field  in  the  (Oil) 
plane  from  the  [100]  to  [Oil]  crystallographic  directions. 
Experimental  data  recorded  at  T  —  4.2  K,  microwave  frequency 
/  =  23.0217  GHz. 


groups  of  spectral  lines.  This  complexity  of  the  spectrum 
makes  the  task  of  identification  of  the  Si-NL64  center 
difficult.  Fortunately,  as  shown  in  an  extended  view  in 
the  inset  of  Fig.  5,  each  group  of  spectral  lines  of  the  Si- 
NL64  spectrum  is  characterized  by  a  very  informative 
hyperfine  structure  with  the  relative  intensity  of  1:2: 
1-1:2: 1-1 : 2: 1—1 : 2 : 1  which  can  be  attributed  to  the 
hyperfine  interaction  with  one  gold  atom  (7  =  3/2, 
100%)  and  two  hydrogen  atoms  (7  =  1/2,  100%).  The 
spectrum  has  the  rare  low  symmetry  of  triclinic,  as  given 
in  Fig.  6. 


4.  TM-H  identification 

In  all  cases,  from  the  experimental  results  as  described 
above,  the  identification  of  the  spectra  as  originating 
from  TM-H  complexes  is  directly  established  (except  for 
I05Pd  in  the  Pd-H!  center).  Firstly,  all  spectra  Si-NL64, 
Si-NL65,  and  Si-NL68  are  observed  after  hydrogena¬ 
tion.  They  all  exhibit  extra  splitting  of  twofold  (1:1), 
threefold  (1:2:1),  and  fourfold  (1 : 3  : 3  : 1)  revealing 
hyperfine  interaction  with  one,  two,  and  three  hydrogen 
atoms,  respectively,  for  the  Si-NL68,  Si-NL64  and  Si- 
NL65  centers.  The  Si-NL65  spectrum  is  observed  in  the 
platinum-doped  sample  simultaneously  with  the  Pt-H2 
spectrum.  One  can  practically  view  the  hyperfine 
structure  of  1:3:3: 1-4 : 12 : 12 : 4-1 : 3  : 3  : 1  as  an  ex¬ 
tended  picture  of  the  hyperfine  structure  of  1:2: 


1-4 :  8  : 4-1 : 2 : 1  of  the  Pt-H2  center  in  which  a  third 
equivalent  proton  is  added.  As  already  concluded  for  the 
Pt-H2  spectrum,  the  presence  of  one  platinum  atom  is 
indicated  by  the  resolved  hyperfine  splitting  related  to 
the  195Pt  isotope,  nuclear  spin  7=1/2  and  natural 
abundance  of  33.8%,  resulting  in  the  characteristic 
splitting  of  the  resonance  in  three  components  with  the 
intensity  ratio  of  about  1:4:1.  Presence  of  two 
equivalent  hydrogen  atoms  is  revealed  by  triplet 
structure  with  amplitudes  scaling  as  1:2:1  of  all 
resonances  due  to  the  hyperfine  fields  created  by  two 
hydrogen  atoms  (7  =  1/2,  100%).  Combination  of  these 
interactions  produces  the  hyperfine  structure  of  1:2: 
1-4 : 8 : 4-1 : 2  : 1  as  observed  in  the  experiments.  Adding 
the  third  hydrogen  atom,  the  hydrogen  hyperfine 
structure  becomes  1 : 3  :  3  : 1 .  Consequently,  the 
1:3:3:1-4:12:12:4-1:3:3:1  hyperfine  structure  is 
created  when  combined  with  hyperfine  interaction  due 
to  a  single  platinum  atom.  This  is  the  case  for  the  Si- 
NL65  spectrum  of  the  Pt-H3  center.  A  similar  inter¬ 
pretation  is  applied  for  the  Si-NL64  spectrum  of  the 
Au-H2  center.  In  this  case,  the  observed  structure  of 
1 : 2 : 1-1 : 2 : 1-1 : 2 : 1-1 : 2 : 1  can  be  explained  as  due  to 
hyperfine  interaction  with  one  gold  atom,  nuclear  spin 
7  =  3/2  and  100%  natural  abundance  (generating  four¬ 
fold  splitting)  and  two  equivalent  or  nearly  equivalent 
hydrogen  atoms  (generating  1:2:1  structure).  For  the 
Si-NL68  spectrum,  due  to  low  intensity  of  the  spectrum, 
the  hyperfine  lines  which  represent  the  hyperfine 


P.T.  Huy,  C.A.J.  A  turner  loan  /  Physica  B  308  310  (2001)  408  413 


412 

interaction  with  I05Pd  isotope  (/  =  5/2,  22.2%)  are  not 
strong  enough  for  observation.  The  assignment  to  a 
Pd-Hj  complex,  therefore,  is  tentative  and  based  on  the 
experimental  observation  of  twofold  splitting  as  due  to 
interaction  with  one  hydrogen  atom  and  the  appearance 
of  only  palladium-related  centers  in  the  investigated 
samples. 

5.  Electronic  and  atomic  structure  of  TM-H  complexes 

From  a  summary  of  the  spin-Hamiltonian  parameters 
of  the  centers,  as  obtained  from  fittings  of  the  angular 
dependencies  (Figs.  2,  4  and  6)  and  results  of  the 
standard  analysis  based  on  linear-combination-of-atom- 
ic-orbitals  (LCAO),  given  in  Table  1,  one  can  recognize 
that  the  g  tensors  of  all  centers  largely  deviate  from  <:/L.  = 
2.0023  of  the  free  electron,  implying  the  incorporation  of 
a  transition-metal  impurity  in  the  microscopic  structures 
of  the  centers.  The  hydrogen  hyperfine  interaction 
tensors  also  show  a  striking  similarity  for  all  centers 
with  isotropic  part  a  of  about  10  MHz,  corresponding  to 
a  very  low  s-type  spin  density  around  0.7%  on  the 
hydrogen  positions.  The  small  anisotropic  component 
hH  of  the  hydrogen  hyperfine  interaction,  may  be 


ascribed  to  the  dipole-dipole  interaction  between  the 
spins  of  proton  and  electron,  considered  as  classical 
dipoles  with  separation  R.  From  the  observed  values  of 
b  of  around  1  MHz.  a  distance  of  /?  =  0.4-0.5nm  is 
calculated.  This  value  means  a  distance  of  0.4-0. 5  nm 
between  the  transition-metal  atom  and  the  proton,  i.e., 
the  hydrogen  atom  is  anti-bonding  to  the  silicon  nearest 
neighbor.  In  all  cases,  the  observed  centers  are  stable  at 
room  temperature  and  have  low  symmetry,  trigonal  for 
the  Pt-Hi,  monoclinic-I  for  the  Pd-H|,  and  triclinic  for 
the  Au-H2  centers,  suggesting  the  substitutional  posi¬ 
tion  for  the  transition-metal  atom.  On  this  basis,  the 
atomic  model  for  each  center  is  proposed,  as  sketched  in 
Fig.  7,  in  which  the  transition-metal  atom  occupies  the 
substitutional  site,  the  hydrogen  atom  is  interstitial 
and  anti-bonding  to  a  silicon  nearest-neighbor  atom. 
The  position  of  the  TM  atom  is  depicted  with  respect 
to  the  symmetry  of  each  center.  As  neutral  gold  is  iso- 
electronic  to  negative  platinum,  quite  likely  spectrum 
Si-NL64  corresponds  to  the  [Aus-(Hj)2]°  center  observed 
in  the  neutral  charged  state  (the  (Pt-H2)  center  is 
observed  in  negative  charge  state,  see  Refs.  [3,5]). 
For  the  same  reason,  the  Si-NL65  spectrum  of 
the  (Pt-Hj)°  center  is  observed  in  the  neutral  charge 
state  as  well. 


Table  1 

Summary  of  spin-Hamiltonian  parameters  and  some  results  of  the  analysis  by  the  method  of  linear  combination  of  atomic  orbitals 
(LCAO)  for  transition-metal— hydrogen  complexes 


Center 

Symmetry 

Tensors 

Parameters  of  spectra  and  centers 

(Pt-H:) 

Orthorhombic-I  (C2v) 

g 

2.1299  ([100]) 

1.9558  ([0 1  1]) 

2.1683  ([01  lj) 

A * 

175.7MHz 

541.2MHz 

237.3  MHz 

A » 

9.8MHz 

7.9  MHz 

8.2  MHz 

>f(H) 

-0.6% 

b" 

-0.6MHz 

R 

-  0.4  0.5  nm 

<Pt-H,)°  (Si-NL65) 

Trigonal  (C?v) 

g 

1.9673  (*  ) 

2.1569  (g  j 

A1'' 

708.8  MHz 

52.2MHz 

A" 

14.5MHz 

12.7MHz 

r(  H) 

-0.9% 

b" 

~0.6  MHz 

R 

~0.4-0.5nm 

Pd-Hj  (Si-NL68) 

Monoclinic-I 

g 

1.998  ([100]) 

2.0361 

1.9651 

A" 

-710  MHz 

22  a  wav  from 

22  a  wav  from 

b 

-1  MHz 

[011] 

[100] 

(Au-H2)°  (Si-NL64) 

Triclinic 

g 

2.1282  (gvv) 

2.0689  (gn.) 

2.0039  (£-) 

aMi 

13.8  MHz 

23.5  MHz 

18  MHz 

A » 

8.67  MHz 

11.39  MHz 

8.54  MHz 

»r(H) 

-0.67 

b" 

~0.9MHz 

R 

~0.4 -0.5nm 
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Fig.  7.  Atomic  models  proposed  for  the  monoclinic-I  Pd-Hj  (a),  the  triclinic  Au-H2  (b),  and  the  trigonal  Pt-H3  centers  (c). 
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Abstract 

Photoluminescence  band  at  780  meV,  previously  assigned  to  silver-related  centers  in  Si  on  basis  of  indirect 
arguments,  is  investigated  in  detail.  For  that  purpose  specially  prepared  samples  doped  with  isotopically  enriched  silver 
are  used.  The  photoluminescence  spectrum  exhibits  characteristic  structure  consisting  of  narrow  no-phonon  lines  and 
lower-energy  phonon  replicas.  We  observe  isotope  shift  of  the  three  main  no-phonon  lines  which  conclusively  shows 
that  silver  is  incorporated  in  the  microscopic  structure  of  the  luminescent  defect.  From  time-resolved  photolumines- 
cence  lifetime  of  a  few  100  ps  is  determined.  This  is  a  characteristic  fingerprint  for  recombination  of  excitons  bound  to 
isoelectronic  centers.  Further  insight  in  the  nature  of  the  optically  active  Ag-related  center  is  obtained  from  the 
temperature  dependence  of  the  lifetime,  (r .  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.55.Ap:  78.47. +  p;  61.72.Ji 

Keywords:  Photoluminescence;  Silicon;  Silver 


1.  Introduction 

Like  other  noble  metals,  silver  is  an  important 
impurity  in  silicon.  This  is  due  to  its  interesting  physical 
properties  as  well  as  possible  applications  for  device 
manufacturing.  When  introduced  into  silicon,  silver 
gives  rise  to  two  levels;  an  acceptor  at  Ec  -  0.54  eV  and 
a  donor  level  at  £,  +0.34  eV  [1].  The  donor  level  has 
been  observed  in  optical  absorption  [2].  Transition  at  the 
acceptor  were  not  observed.  Also  low-temperature 
photoluminescence  (PL)  from  Si  :  Ag  has  been  reported. 
It  has  been  found  that  silver-doped  silicon  exhibits  a 
characteristic  emission  spectrum  at  780  meV  [3-5].  The 
photoluminescence  spectrum  consists  of  narrow  no¬ 
phonon  lines  (termed  A.  B.  C  at  energies  778.91,  779.85 
and  784.31  meV,  respectively)  which  are  replicated  at 
lower  energies  by  local  phonons.  From  replica  of  lines 
A  and  B,  local  phonon  energies  of  approximately  6 
and  15  meV  were  determined.  At  temperatures  higher 
than  20  K  phonon  replicas  of  the  C  line  were  also 
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observed.  The  structure  of  the  780  meV  band 
was  identified  as  transitions  from  the  effective-mass- 
theory  electronic  states  near  the  conduction  band  to 
the  ground  state. 

In  the  present  work,  we  report  on  observation  of  the 
silver  isotope  shift  of  the  no-phonon  A,  B,  and  C  lines  of 
the  780  meV  band,  providing  direct  microscopic  evi¬ 
dence  of  silver  involvement  in  the  center  responsible  for 
this  emission.  Also,  the  decay  time  of  these  lines  and  its 
temperature  dependence  have  been  determined. 


2.  Experimental 

The  starting  material  for  sample  preparation  was 
float-zone,  p-type  silicon,  with  resistivity  of  75- 
125  D  cm.  Silver  was  introduced  into  the  sample  by 
evaporation,  followed  by  diffusion  at  1 150'C  for  4  h  in  a 
closed  quartz  ampoule  containing  100  mbar  of  argon. 
After  the  diffusion  step,  samples  were  quenched  to  room 
temperature  in  water  and  chemically  cleaned  to  remove 
the  silver-rich  surface  layer.  For  diffusion  both  natural 
and  isotopically  enriched  silver  (99.5%  of  107 Ag  and 
99.4%  lf)i;Ag  isotope)  were  used. 
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The  PL  experiments  were  performed  with  a  variable 
temperature  continuous-flow  cryostat  accessing  the  1.5- 
300  K  range  (Oxford  Instruments  Optistat  CF).  For 
excitation  a  cw  argon-ion  laser  operating  at  514.5  nm 
was  used.  All  spectra  were  obtained  with  a  1.5  m  F/12 
monocromator  (Jobin-Yvon  THR-1500)  and  detected 
by  a  high-sensitivity  germanium  detector  (Edinburgh 
Instruments). 

Time-resolved  measurements  were  carried  out  using  a 
digital  oscilloscope  (Tektronic  TDS  3000)  in  combina¬ 
tion  with  an  InP/InGaAs  nitrogen-cooled  photomulti¬ 
plier  tube  (Hamamatsu  R5509-72).  For  transient 
excitation  a  laser  beam  (at  a  1  W  continuous  power) 
was  passed  through  a  pinhole  and  mechanical  chopping 
(200  Hz).  In  this  configuration,  the  experimentally 
measured  system  response  time  was  38  ps. 


3.  Results  and  discussion 

3.1.  Isotope  measurements 

For  all  the  investigated  samples  photoluminescence 
was  measured  for  the  energy  range  between  the  band 
gap  energy  of  silicon  and  approximately  700  meV.  Fig.  1 
shows  typical  photoluminescence  spectra  obtained  in 
this  study  from  silver-doped  silicon  samples  at  10  and 
20  K.  The  band  around  780  meV  is  similar  to  that 
observed  earlier  [3-5],  and  ascribed  to  silver  on  basis  of 
sample  preparation.  In  addition  to  that,  two  new  and 
weaker  PL  bands  at  806  and  811  meV,  labeled  D  and  E, 
respectively,  were  detected. 

Fig.  2  presents  high-resolution  photoluminescence 
spectra  of  the  780  meV  band  recorded  for  samples 
doped  with  silver  isotope  107Ag,  silver  isotope  I09Ag  and 
natural  silver.  The  spectra  of  samples  doped  with 
isotopically  enriched  silver  are  similar  to  that  in  Fig.  1 


Fig.  1.  780  meV  PL  band  observed  in  silver-doped  silicon  at 
T  =  10  and  20  K. 


Fig.  2.  A,  B  and  C  PL  lines  measured  in  silicon  doped  with 
isotopically  enriched  silver  (upper  curves)  and  natural  silver 
(lower  curve). 


but  with  positions  of  ABC  structure  were  shifted 
by  ~  —  0.017  meV  for  10?Ag-doped  silicon,  and  by 
~  -F  0.017  meV  for  109Ag-doped  silicon.  We  also  note 
that  PL  lines  in  sample  diffused  with  natural  silver 
([107Ag] :  [109Ag]  as  52:48)  are  distinctly  broader  than 
those  for  107 Ag  or  109Ag-doping.  These  results  provide 
direct  evidence  that  silver  is  involved  in  the  microscopic 
structure  of  the  center  responsible  for  this  emission. 

The  isotope  shifts  were  observed  also  for  the  phonon 
satellites  and  are  illustrated  in  Fig.  3  for  the  773  and 
765  meV  replicas  of  lines  A  and  B.  Isotope  shifts  of 
luminescence  lines  are  a  convenient  tool  for  the 
identification  of  the  chemical  nature  of  the  optically 
active  centers.  The  isotope  effect  for  the  bound  exciton 
photoluminescence  is  related  to  the  zero  vibrations  of 
the  center  and  leads  usually  to  an  increase  of  the 
recombination  energy  for  heavier  nuclei  [6,7].  For 
isoelectronic  impurities  in  silicon  such  an  effect  has  been 
experimentally  observed  for  the  copper-copper  pair  [8]. 
In  this  case,  a  0.1  nm  difference  of  the  position  of  the  PL 
line  for  the  samples  doped  with  63 Cu  and  65 Cu  copper 
isotopes  has  been  concluded. 

In  Fig.  4  high-resolution  PL  spectra  of  D  and  E  bands 
at  25  K  recorded  in  samples  doped  with  monoisotopic 
silver  are  compared.  In  this  case  no  isotope  shift  is 
observed  and  we  can  not  conclude  whether  these  lines 
are  silver-related. 


3.2.  Luminescence  decay  time  measurements 

We  have  examined  decay  characteristics  of  A,  B  and  C 
lines.  The  decay  times  are  exponential  over  the  entire 
temperature  range  and  identical  for  all  the  components. 
Fig.  5  shows  decay  of  A  line  experimentally  measured  at 
4  and  20  K.  The  lifetimes  measured  for  A  line  at  4  and 
20  K  are  248  +  3  ps,  and  130  +  5  ps,  respectively.  The 
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Wavelength  (nm) 

Fig.  3.  Isotope  effect  for  the  phonon  replicas  of  A  and  B  lines. 


Fig.  4.  Isotope  effect  for  D  and  E  PL  lines. 


Fig.  5.  Decay  time  for  the  A  line  of  the  780  PL  band  measured 
at  4  and  20  K. 


temperature  dependence  of  the  lifetime  is  depicted  in 
Fig.  6.  From  the  comparison  with  the  temperature 
dependence  of  PL  intensity  [3],  we  assign  the 


Temperature  (K) 


Fig.  6.  The  temperature  dependence  of  decay  times  of  A  and  B 
lines. 


high-temperature  decrease  (7^30  K)  of  the  lifetime 
to  dissociation  of  the  exciton.  The  identical  decay  time 
of  A,  B  and  C  lines  is  in  agreement  with  the  hypothesis 
that  these  lines  originate  from  three  thermalizing 
states  of  the  same  center  [5],  At  low  temperatures,  we 
obtain  long  decay  times  of  about  250  ps.  This  value  is 
large  when  compared  with  the  lifetimes  of  donor  or 
acceptor  bound  excitons  in  silicon,  which  are  in  the  ns 
range.  For  excitons  bound  to  a  donor  or  acceptor, 
the  lifetimes  strongly  depend  on  the  impurity  binding 
energy  E\.  Experimentally,  approximate  dependencies 
toc  E-  4('  for  acceptor  or  for  donor  were 

reported  and  the  lifetime  shortening  was  attributed 
to  a  localized  phononless  Auger  recombination  process 
[9].  For  example,  for  excitons  localized  at  In  acceptors 
in  silicon  with  Ej  =  154  meV,  the  lifetime  of  r  =  2.7  ns 
has  been  determined  [9].  The  lifetimes  measured  in 
this  study  are  by  a  factor  10>  longer  and  are  consistent 
with  a  model  that  the  A,  B  and  C  lines  are  due  to 
recombinations  of  excitons  bound  at  an  isoelectronic 
trap  [10,11]. 


5.  Conclusion 

The  780  meV  luminescence  lines  observed  in 
silver-doped  silicon  samples  have  been  studied.  For 
samples  doped  with  isotopicallv  enriched  silver, 
we  present  conclusive  microscopic  evidence  on 
participation  of  silver  in  the  optically  active  center 
responsible  for  the  780  meV  PL  band.  The  experi¬ 
mentally  measured  long  lifetimes  of  the  three  domi¬ 
nant  no-phonon  lines  of  the  780  meV  band  are 
in  agreement  with  a  model  of  radiative  recom¬ 
bination  of  an  exciton  localized  at  an  isoelectronic 
center. 
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Abstract 

A  technique  to  create  radioactive,  interstitial  ^Fe  atoms  in  silicon  at  diffusion  temperatures  is  reported,  which  allows 
for  the  detection  of  their  diffusional  jumps  by  the  resulting  line  broadening  in  the  Mossbauer  spectra  of  the  emitted 
14keV  y-radiation.  Radioactive  57Mn  f  ( T\n  —  1.5  min)  ions  have  been  implanted  into  silicon  crystals  held  at  400- 
700  K.  As  a  result  of  the  annealing  of  the  radiation  damage  during  the  57Mn  lifetime,  the  Mn  atoms  are  found  on 
substitutional  lattice  sites.  In  the  subsequent  decay  of  S7Mn  to  the  Mossbauer  state  of  57Fe,  an  average  recoil  energy  of 
40 eV  is  imparted  on  the  daughter  atom.  This  leads  to  a  replacement  into  interstitial  sites  for  the  majority  of  the  Fe 
atoms,  the  remainder  remains  on  substitutional  sites.  From  the  temperature  dependent  line  broadening  the  diffusion 
coefficients  for  neutral  and  ionised  interstitial  Fe  have  been  deduced.  (c>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Mossbauer  spectroscopy:  Iron:  Silicon:  Diffusion 


1.  Introduction 

The  controversial  experimental  results  reported  for 
the  charge  state  dependence  of  the  diflfusivity  of 
interstitial  iron  in  silicon  have  been  reviewed  recently 
[1].  In  particular,  Heiser  and  Mesli  [2]  found  positively 
charged  interstitial  Fef  to  diffuse  faster  than  neutral 
F ef.  The  opposite  behaviour  was  found  by  Koveshnikov 
and  Rozgonyi  [3].  Possible  reasons  for  this  discrepancy, 
related  to  the  techniques  and/or  the  materials  applied, 
were  discussed  among  the  authors  [4,5]  as  well  as  in 
Ref.  [1]. 

In  this  contribution,  an  entirely  different  approach  to 
solve  this  issue  is  reported.  5/Fe  Mossbauer  spectro¬ 
scopy  has  been  employed,  utilising  ion  implantation  of 
radioactive  5/Mn+  parent  isotopes  at  elevated  tempera- 
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tures,  where  the  radiation  damage  from  the  implanta¬ 
tion  is  basically  annealed  during  the  57Mn  lifetime 
{T\/2  ~  1-5  min)  and  the  Mn  atoms  are  found  on 
substitutional  lattice  sites  [6].  In  the  subsequent  decay 
of  57Mn  to  the  Mossbauer  state  of  5/Fe,  an  average 
recoil  energy  of  40  eV  is  imparted  on  the  daughter  atom. 
This  causes  a  replacement  into  interstitial  sites  for  the 
majority  of  the  Fe  atoms.  A  fraction  of  less  than  25% 
remains  on  the  substitutional  sites.  Due  to  their 
athermal  creation  in  a  recoil  process  the  interstitial  Fe 
atoms  can  be  considered  as  isolated  and  dilute.  A  few 
diffusional  jumps  of  interstitial  Fe  during  the  lifetime  of 
the  Mossbauer  state  (T\n  =  100ns)  lead  to  a  broad¬ 
ening  of  their  Mossbauer  line  at  T>450K.  This  line 
broadening  has  been  observed  previously  for  interstitial 
7Fc  in  silicon  [7]  utilising  recoil  implantation  of 
Coulomb-excited  >7mFe.  Here,  the  implantation  and 
measurement  are  performed  within  the  lifetime  of  the 
Mossbauer  state.  It  turned  out  that  the  radiation 
damage  did  not  anneal  out  within  that  lifetime  at 
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diffusion  temperatures  and  also  it  was  questionable  as  to 
whether  the  interstitial  Fe  was  in  the  neutral  or  ionised 
state  [8]. 


2.  Experimental 

Radioactive  ion  beams  of  57Mn+  {T\/2  =  1.5  min) 
were  produced  at  the  ISOLDE  facility  at  CERN  using 
1.4  GeV  proton  induced  nuclear  fission  in  a  UC2  target 
and  the  recently  developed  laser  ion  source  [9].  Mn 
atoms  were  chemically  selected  via  multiple-photon 
resonant  laser  ionisation  and  accelerated  to  60keV. 
Following  mass  separation,  clean  beams  of  57Mn  +  were 
obtained.  These  were  implanted  into  differently  doped  Si 
single  crystals  held  at  300-800  K  in  an  implantation 
chamber.  Less  than  1012  ions/cm2  were  implanted  into 
each  sample  to  avoid  an  overlap  of  the  damage  cascades 
during  implantation.  Mossbauer  spectra  were  recorded 
with  a  resonance  detector  [10]  at  room  temperature 
mounted  on  a  velocity  drive  unit  outside  the  implanta¬ 
tion  chamber.  The  detector  was  equipped  with  four 
150nm  thick  a-57Fe  absorber  layers.  This  detection 
method  gives  a  rather  complicated  6-fold  emission 
spectrum  due  to  the  magnetic  hyperfine  interaction. 
However,  benefits  of  this  method  are  the  narrow 
absorber  line  width  and  internally  calibrated  spectra. 
To  allow  easier  visual  inspection  of  the  spectra,  the 
6-fold  emission  spectra  have  been  transformed  into  a 
single  emission  feature. 


3.  Results  and  analysis 

Fig.  1  shows  the  Mossbauer  spectra  recorded  after 
implantation  into  n  +  -  (P-doped  1.3  x  1018cm-3)  and 
p  +  -type  (B-doped  3.3  x  1018cm-3)  Si  at  the  tempera¬ 
tures  indicated. 

Several  features  can  be  seen  directly  in  the  figure.  The 
general  movement  of  the  spectral  components  towards 
the  right  is  as  expected  from  the  second  order  Doppler 
shift.  At  475  K,  virtually  no  line  broadening  is  visible 
and  the  spectra  are  dominated  by  lines  assigned  to 
substitutional  Fe  [11]  and  interstitial  Fe  in  the  tetra¬ 
hedral  site  [7,11].  The  isomer  shift  of  interstitial  Fe  is 
slightly  different  in  n-  and  p-type  material  in  accordance 
with  the  Fe?/+  band-gap  state  [1 1].  As  the  temperature  is 
increased  to  ~  640  K,  a  clear  broadening  of  the 
interstitial  lines  is  observed  in  both  cases.  At  tempera¬ 
tures  above  ~770K,  the  interstitial  line  has  practically 
disappeared  from  the  spectra,  which  are  now  dominated 
by  lines  assigned  to  substitutional  Fe  and  the  recently 
reported  new  line,  which  was  tentatively  assigned  to  Fe— 
vacancy  pairs  [12].  Due  to  the  occurrence  of  this  line 
with  increasing  temperature,  an  accurate  determination 
of  the  line  broadening  of  the  interstitial  line  is  hampered. 


Velocity  [mm/s] 

Fig.  1.  Mossbauer  spectra  obtained  after  implantation  of  57Mn 
into  n-type  Si  (left)  and  p-type  Si  (right)  at  the  temperatures 
indicated.  The  thin  solid  line  overlapping  the  experimental 
points  shows  the  sum  of  the  fitting  components.  The  thicker 
lines  show  the  individual  components.  The  black  line  shows  the 
interstitial  line,  the  dark  grey  the  substitutional  line,  and  the 
light  grey  line  the  new  line,  which  is  tentatively  attributed  to 
Fei- vacancy  pairs. 


However,  in  a  simultaneous  fitting  procedure  including 
this  line,  reasonably  accurate  values  could  be  determined 
in  the  temperature  range  500-700  K.  As  can  be  seen  in 
the  spectra  measured  at  ~  640  K,  the  intensity  of  the  new 
line  is  too  small  to  affect  the  immediate  conclusion  that 
the  line  broadening  of  the  interstitial  line  is  larger  in  p- 
than  in  n-type  material. 

The  relationship  between  the  line  width  of  the 
interstitial  line  in  the  Mossbauer  spectra,  T,  and  the 
macroscopic  diffusion  coefficient,  D,  is  given  by  [13] 


r  =  r  o  + 


12  hcD 

E0r-  ’ 


0) 


where  To  is  the  experimental  line  width  measured  in 
units  of  Doppler  velocity,  h  Planck’s  constant,  c  the 
velocity  of  light,  £o  the  energy  of  the  Mossbauer 
transition  (=H4.4keV)  and  /  the  elementary  jump 
length,  2.35  A,  assuming  jumps  between  tetrahedral 
interstitial  sites,  i.e.  a  direct  interstitial  diffusion 
mechanism.  From  Eq.  (1),  it  is  observed  that  the  line 
broadening  AT  =  F  -  F0  is  directly  proportional  to  the 
diffusion  coefficient.  Fig.  2  shows  the  line  broadening 
as  a  function  of  temperature  in  n+-  and  p++-type 
(B-doped,  2  x  1019cm-3)  samples. 


4.  Discussion  and  conclusions 

The  electronic  consequences  of  the  nuclear  decay  have 
been  discussed  in  detail  previously  [8,1 1].  For  the  heavily 
doped  p++-  and  n  +  -type  material  employed  here,  the 
recoil-produced  Fe]  can  be  safely  assumed  to  be  in  the 
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Fig.  2.  Line  broadening  AT  as  a  function  of  temperature  for 
two  of  the  samples  used  in  this  study.  The  solid  lines  represent 
the  expected  broadening  for  pure  Fe,'  and  pure  Fc1,’  charge 
states  for  the  pre-factors  and  activation  energies  indicated. 

ionised  and  neutral  charge  state,  respectively.  As  seen 
from  Fig.  2.  the  broadening  in  p  !  !  -type  material,  i.e. 
the  Fe4  diffusivity  is  consistently  larger  than  that  of  Fc^ 
in  the  investigated  temperature  range.  It  is  noteworthy 
that  the  broadening  for  Fe,'  is  in  agreement  with  the 
previously  determined  values  [7],  corroborating  the 
argumentation  [8]  that  the  ionised  state  prevailed  in 
that  experiment.  The  temperature  range,  where  a  good 
accuracy  for  the  line  broadening  of  the  interstitial  lines  is 
obtained,  is  rather  narrow.  Taking  the  error  analysis 
into  consideration,  the  pre-factor  Z)0  and  the  activa¬ 
tion  energy  Ea  of  the  diffusion  coefficient  D  = 
Du  exp(-£a/A'T)  cannot  be  determined  simultaneously 
with  satisfactory  accuracy.  Using  the  values  given  by 
Heiser  and  Mesli  [2]  for  Du  as  10  2  and  1.4  x  10  ■  enr/s 
for  neutral  and  positively  charged  interstitial  Fe. 
respectively,  we  obtain  activation  energies  of  0.91(1) 
and  0.70(1)  eV,  respectively.  While  the  latter  value  for 
Fer  is  in  reasonable  agreement  with  the  values  obtained 
by  Heiser  and  Mesli  [2],  0.69.  and  Takahashi  et  al.  [14], 
0.68,  the  value  for  Fe!’  is  considerably  larger  than  their 
values  of  0.84  and  0.80  eV.  respectively.  Obviously,  the 
choice  of  the  value  for  the  pre-factor  is  critical.  Taking 
this  value  to  be  10  'enr/s,  common  for  both  states,  as 
suggested  in  Ref.  [1]  from  an  analysis  comprising  even 
high-temperature  diffusion  data,  activation  energies  of 
0.66(1  )eV  for  Fe,1  and  0.76(1  )cV  for  Fe!’  are  obtained. 
The  latter  value,  presumably  a  lower  limit,  is  still  hardly 
consistent  with  the  value  given  by  Koveshnikov  and 
Rozgonyi  [3].  0.56  eV.  Irrespective  of  the  difficulties  in 
obtaining  accurate  values  for  D()  and  EA  presently,  the 


diffusivity  of  Fe,4  is  found  to  be  larger  than  that  of  Fe!* 
in  the  temperature  range  investigated  here. 
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Abstract 

New  ESR  spectra  from  an  iron-vacancy  pair  were  detected  in  electron-irradiated  float-zone  grown  silicon  samples 
pre-doped  with  iron.  The  paramagnetic  center  reveals  trigonal  symmetry.  The  center  is  in  a  neutral  state  and  has  two 
spin  values:  S  =  1  when  the  defect  axis  direction  is  close  to  that  of  the  static  magnetic  field  and  S  =  3/2  for  other 
orientations.  The  obtained  anisotropies  of  the  ESR  peak  position  and  intensity  suggest  a  transformation  process  for  the 
spin  magnitude.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Si;  Fe;  Vacancy;  ESR 


1.  Introduction 

Investigation  of  iron-related  defects  in  silicon  (Si)  has 
remained  a  top  priority  research  topic  for  more  than 
four  decades  [1].  Detrimental  for  Si-based  device 
operation  but  yet  inevitable  [2],  iron-related  defects 
reveal  nontrivial  and  often  unique  properties.  A  large 
variety  of  iron  complexes  with  dopant  and  other 
impurity  atoms  in  Si  have  already  been  detected  and 
studied  [1,3].  Less  attention,  however,  has  been  given  to 
complexes  of  iron  atoms  with  intrinsic  Si  defects 
(vacancies  and  self-interstitials).  Several  ESR  spectra 
(named  NL 19-25)  from  iron-doped  and  subsequently 
electron-irradiated  Si  samples  have  been  reported 
previously  [4].  Among  them,  NL19  was  interpreted  to 
originate  from  a  positively  charged  substitutional  iron 
atom  (Fes  )■  If  confirmed,  this  will  be  the  first  clear 
evidence  of  the  existence  of  Fes  *n  Si. 

Recently,  in  similar  samples,  we  detected  new  ESR 
spectra,  which  exhibit  two  values  for  the  spin  of  the 
defect  depending  on  the  angle  between  the  crystal  axes 
and  magnetic  field.  We  herein  present  the  results  of  our 
observations. 


*Corresponding  author.  Fax:  +81-22-215-2041. 
E-mail  address:  teimuraz@imr.tohoku.ac.jp 
(T.  Mchedlidze). 


2.  Experimental 

We  investigated  float-zone  grown  n-type  (phosphorus 
doped)  and  p-type  (boron  doped)  Si  samples  of  various 
resistivities.  Mechanically  and  chemically  polished  Si 
samples,  3x3x  12mm3  in  size,  were  dipped  in  a 
100  ppm  FeCl3  water  solution,  dried,  and  annealed  at 
1 000-1 200°C  in  evacuated  quartz  capsules  for  iron 
doping.  Natural  iron  or  that  enriched  with  :>7Fe  or 
54Fe  isotope  was  used  for  FeCl3  preparation.  Samples 
were  quenched  in  iced  water  after  doping.  Iron-doped 
and  reference  samples  were  irradiated  at  room  tempera¬ 
ture  with  3-MeV  electrons  (dose  range  d=  0.1-1  x  1 0 1 7  e/ 
cm2)  and  were  kept  at  temperatures  below  —  10°C  after 
irradiation. 

We  used  a  JEOL  X-band  ESR  spectrometer  with  a 
TMon  mode  microwave  (MW)  resonator  and  a  con¬ 
tinuous  helium  gas-flow  cryostat.  It  was  possible  to 
illuminate  the  samples  during  measurements.  The 
derivative  of  MW  field  absorption  with  respect  to 
magnetic  field  (df/dH0)  was  measured  using  a  lock-in 
amplifier  and  magnetic  field  modulation  with  an 
amplitude  of  0. 1-0.6  G  and  a  frequency  of  100  kHz. 
The  spectra  from  the  iron-related  defect  were  observed 
in  the  temperature  range  from  6  to  18  K.  We  were  not 
able  to  conduct  measurements  below  4.5  K  for  observa¬ 
tion  of  the  NL19  spectra  in  our  samples. 
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3.  Results  and  discussion 

In  Fig.  la.  the  anisotropy  of  the  ESR  peak  positions  is 
presented  for  the  [1  1 0]  rotation  axis  together  with 
fitting  curves.  Expression  for  the  spin  Hamiltonian  and 
the  fitted  parameters  are  presented  in  Table  1.  (We  used 
factor  P{mT}  =jr/x4.66855  x  P{10”4/cm}  for  conver¬ 
sion  of  energy  units  [5].)  The  paramagnetic  center  of 
trigonal  symmetry  (axis  C3||  <  1  I  1  >)  was  identified. 
Large  zero-field  splitting  (ZFS)  prevented  detection  of 
multiple  ESR  transition  lines.  We  calculated  ZFS 
parameters  using  the  method  described  in  [6].  The 
ESR  signals  could  not  be  detected  if  the  direction  of  the 
static  magnetic  field  B  was  within  the  range  of  12°~18r 
from  C3  (“transient  orientations").  In  Table  1  and 
below,  the  spectra  observed  within  the  range  C3±  I2r  are 
termed  “TU2"  and  those  observed  outside  of  C3±18' 
are  designated  as  “TU3".  Close  to  the  transient 
orientations,  the  amplitude  of  the  ESR  signal  decreased 
and  its  width  increased  until  the  signal  could  not  be 
separated  from  the  experimental  noise.  Fig.  lb  presents 
the  anisotropy  of  the  TU2  and  TU3  signal  intensity: 
/  =  f  f(cx"/cf/n)dH(l 

The  TU2  and  TU3  spectra  were  detected  in  all 
iron-doped  and  e-irradiated  samples  except  in  a  low 


Fig.  1.  (a)  Measured  (symbols)  and  calculated  (lines)  aniso¬ 
tropy  of  peak  positions  for  TU2  (O)  and  TU3  (other  symbols) 
spectra.  Positions  corresponding  to  dotted  lines  could  not  be 
observed.  Axes  of  relevant  defects  are  shown  to  the  right  of  the 
graph,  (b)  Anisotropy  of  intensity  (same  meaning  of  symbols) 
for  the  TU2/TU3  signals,  values  for  [1  1 1]  and  [T  1  T]  axes 
are  not  shown.  Lines  represent  anisotropy  of  spin-transition 
energy.  Experimental  conditions:/^  =  9.064  GHz.  T  =  UK. 
B  in  the  (I  T  0)  plane. 


Table  1 

Expression  and  parameters  of  spin  Hamiltonian  for  the  TU2 
and  TU3  ESR  spectra.  The  HF  and  SHF  terms  of  the  spin 
Hamiltonian  are  treated  separately  in  Ref.  [9] 


ESR  spectra 
Spin  Hamiltonian 
Symmetry 
Spin 

Principal  {/-values 

Effective  g  ; 

ZFS  (cm '  ■) 


TL2  TL3 

H  —  HjjB  •  g  •§  +  §■  D  ■§+•■• 


S 

0n 

D 


Trigonal 

1 

2.114  +  0.001 
2.47  ±0.03 
5.11  ±0.06 
0.72  ±  0.01 


Trigonal 

3/2 

2.191  ±0.001 
1.982  ±0.002 
3.933  ±0.007 
1.30  ±0.03 


resistivity  (LIQcm)  p-type  sample.  The  intensity  well 
correlated  with  interstitial  iron  concentration  in  the 
samples  /(TU2,TU3)cc(C(Fej))o:  and  with  the  total 
irradiation  dose  /(TU2,TU3)xr/°75.  The  C(Fe;)  was 
estimated  using  the  intensity  of  the  relevant  ESR  signal 
with  a  {/-factor  of  2.069.  7(TU2,TU3)  was  larger  in 
samples  with  high  starting  resistivity.  The  ratio 
/(TU2)//(TU3)  was  the  same  in  all  measured  samples 
for  fixed  experimental  conditions  such  as  directions, 
temperature  and  microwave  power.  Data  illustrating  the 
above  statements  are  presented  in  Fig.  2.  Both  the  TU2 
and  TU3  spectra  were  similarly  suppressed  by  illumina¬ 
tion  of  the  sample  with  white  light  during  the  measure¬ 
ments.  MW  power  saturation  behavior,  temperature 
dependence  of  signal  intensity  and  relaxation  times  of 
the  TU2  spectra  differed  from  those  of  the  TU3  spectra. 

The  shape  of  the  ESR  spectra  at  the  positions 
indicated  as  “A"  and  “B"  in  Fig.  la  and  various  iron 
isotope  compositions  are  presented  in  Fig.  3a-f. 
The  shape  of  the  TU3  signal  (see  Fig.  3a)  remains 


Interstitial  iron  concentration  (cm'3) 


Fig.  2.  /(TU2)  (open  symbols)  and  ratio  /(TU2)//(TU3)  (★) 
dependence  on  C(Fc,).  Samples:  p-type  Si  ((□)  1800ficm:  ( V) 
5 fi cm);  n-type  ((O)  lOOOficm;  (A)0.6ficm).  The  ratio  was 
calculated  for  A  (TU2)  and  B  (TU3)  positions  shown  in  Fig.  la. 
Irradiation  dosc  =  5  x  IOKlc/cnr.  Lines  are  presented  to  guide 
the  eye.  All  experimental  conditions  were  as  indicated  in  Fig.  1. 
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Fig.  3.  Shapes  of  the  signals  corresponding  to  A  (a,  c,  e)  and  B 
(b,  d,  f)  positions  in  Fig.  la.  Iron  isotope  composition: 
(a,  b)  natural;  (c,  d)  ~50%  54Fe  enriched  and  (e,  f)~70% 
57Fe  enriched.  All  experimental  conditions  were  as  indicated  in 
Fig.  1. 


asymmetric  for  all  directions  where  it  can  be  detected. 
Small  asymmetry  for  the  TU2  spectra  was  detected  close 
to  the  transient  orientations.  For  the  samples  enriched 
with  57Fe  isotope,  the  center  of  gravity  for  the  hyperfine 
(HF)  57Fe28Si  satellite  peaks  of  the  TU3  spectra 
obviously  differs  from  the  position  of  the  56Fe28Si 
related  peak  (Fig.  3e),  and  for  the  samples  enriched 
with  54Fe  isotope,  isotope-related  splitting  is  clearly 
observable  (Fig.  3c).  These  observations  unambiguously 
suggest  the  presence  of  an  isotopic  shift  [7,8]  in  the  ZFS 
term  of  the  spin  Hamiltonian.  Due  to  the  isotopic  shifts, 
the  HF/SHF  terms  in  the  spin  Hamiltonian  require 
special  treatment  and  will  be  presented  in  the  second 
part  of  our  report  together  with  a  microscopic  structure 
of  the  defect  [9]. 

The  above  experimental  results  (see  Figs.  2  and  3) 
suggest  the  presence  of  a  single  iron  atom  and  a  vacancy 
in  the  defect.  The  dependence  of  defect  concentration  on 
sample  resistivity  may  be  attributed  to  the  capture  of 
vacancies  by  phosphorus  during  irradiation  in  the  n-type 
samples  and  to  a  smaller  Fei  concentration  in  p-type 
samples  due  to  iron-boron  pairing. 

Let  us  now  discuss  the  observed  two  spin  values 
for  the  same  defect.  Different  charge  states  can  bring 
about  different  values  of  the  spin  for  the  Fe-V  defect. 
Well-known  Fef  and  Fej1"  states  of  interstitial  iron 
are  the  best  example  of  such  situation.  However,  the 
observed  independence  of  the  7(TU2)//(TU3)  ratio 
(see  Fig.  2a,  solid  star  symbols)  from  sample  conducti¬ 


vity  type,  resistivity,  irradiation  dose  and  illumina¬ 
tion  conditions  contradicts  such  an  explanation. 
Besides,  the  observed  anisotropy  of  the  signal 
intensity  suggests  some  transition  process.  To  our 
knowledge,  such  a  phenomenon  has  not  been  previously 
identified. 

Based  on  our  findings,  we  propose  the  following 
explanation.  The  effective  spin  5  =  1  for  the  Fe-V  defect 
can  be  explained  if  the  iron  atom  forms  strongly  directed 
4s4p3  hybridized  orbitals  with  four  Si  atoms  surround¬ 
ing  the  vacancy.  5  =  3/2  can  arise  if  one  of  the  iron 
electrons  is  localized  in  a  singlet  configuration  near  a  Si 
atom  positioned  along  the  defect  axis.  In  both  config¬ 
urations,  the  defect  remains  electrically  neutral.  If  both 
of  these  configurations  have  finite  lifetimes,  the  defect 
may  ‘choose’  a  value  for  the  spin  that  corresponds 
to  a  smaller  energy  of  the  defect  in  spin-excited  state: 
E  —  According  to  the  experimental  results 

(see  Fig.  lb  and  Table  1),  the  5=1  state  results  in 
lower  energy  for  spin-transition  if  the  direction  of 
the  magnetic  field  is  within  the  C3±12°  range,  while, 
on  the  contrary,  5  =  3/2  is  “energetically  favorable” 
outside  this  range.  Thus,  the  spin  of  the  defect  will 
depend  on  inter-orientation  of  the  defect  axis  and 
magnetic  field.  Another  possibility  is  that  the  trans- 
verse-to-the-defect-axis  magnetic  field  causes  the  de¬ 
scribed  change  in  the  electron  configuration  of  the 
defect.  Although  we  cannot  exclude  such  a  possibility,  it 
seems  to  be  less  probable  due  to  extremely  small  values 
of  acting  transverse  magnetic  fields  for  the  transient 
orientations. 

In  conclusion,  new  ESR  spectra  were  detected  in  the 
iron  doped  and  subsequently  electron  irradiated  FZ-Si 
crystals.  An  origin  of  the  signal  is  an  iron-vacancy 
pair  in  trigonal  symmetry.  The  ESR  center  reveals 
unique  property:  the  spin  of  the  center  changes  in  the 
magnetic  field. 
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Abstract 


The  effects  of  local  stress  on  the  impurity  level  of  tungsten  metal  in  crystalline  silicon  were  analyzed  for  the  first  time 
by  using  a  first-principles  computational  method.  We  examined  changes  in  the  ionization  energy  associated  with  the 
tungsten  impurity  under  hydrostatic  or  in-plane  pressure  of  up  to  1  GPa.  A  tungsten  atom  was  located  interstitially  in 
the  tetrahedral  center  position  in  crystalline  silicon.  It  was  found  that  as  pressure  increases,  ionization  energy  (  +  /0) 
decreases,  while  ionization  energy  (  +  +  /  +  )  increases.  Moreover,  negative  effective  U  appears  at  around  600  MPa  under 
hydrostatic  pressure.  This  critical  pressure  is  increased  by  the  change  of  magneto-volume  effect  to  900  MPa  under  in¬ 
plane  pressure.  £  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Metal  impurity:  Pressure-induced  negative  effective  U\  First-principles  calculation 


1.  Introduction 

Impurities  and  vacancies  in  semiconductors  have 
localized  electronic  states.  For  example,  a  silicon 
vacancy  has  dangling  bonds,  which  consist  of  sp3 
hybridization,  and  a  transition-metal  impurity  has  a 
localized  d  orbital.  These  localized  states  produce  a  deep 
level  in  the  band  gap,  which  seldom  gives  rise  to  the 
negative  effective  U  phenomenon.  The  negative  effective 
V  of  a  silicon  vacancy  is  caused  by  the  change  in 
effective  electronic  correlation  with  lattice  relaxation  [1], 
In  3d  transition  metal  impurities,  an  intrinsic  electronic 
negative  effective  V  appears  without  lattice  relaxation 
[2].  However,  the  deep  level  of  5d  transition  metals  in 
silicon  has  not  been  clarified  by  theoretically.  With  the 
dimensions  of  MOSFET  (metal-oxide-silicon  field-effect 
transistor)  devices  decreasing  both  horizontally  and 
vertically,  and  with  the  use  of  noble  metals  as  a  gate 
electrode  in  these  devices,  it  has  become  critical  to 
understand  how  the  local  stress  in  a  silicon  substrate 
affects  the  ionization  energy  of  metal  impurity.  Accord¬ 
ingly,  we  used  a  first-principles  calculation  to  theoreti¬ 
cally  investigate  tungsten  impurities  and  we  analyzed  the 
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effect  of  various  pressure  conditions  on  the  tungsten 
impurities. 


2.  Methods 

The  formation  energy  of  defects  in  silicon  in  the 
charged  state  Q  is  given  as 

Q(QhO  =  +  Q(Ey  +  /<,)  -  (1) 

.V 

where  E\>  is  the  total  energy  of  the  supercell  containing 
defects,  fis  is  the  energy  per  atom  (denoted  by  V')  in  the 
perfect  lattice,  and  ns  is  the  number  of  s  atoms  in  the 
defect  supercell.  The  electron  chemical  potential  fic  in 
Eq.  (1)  gives  the  position  of  the  Fermi  level  in  the  band 
gap  relative  to  £v  (the  top  of  the  valence  band).  Average 
potential  correction  [3]  was  used  to  calculate  the  position 
of  Ev  in  the  defect  supercell.  ^Si  tends  to  be  saturated  as 
the  supercell  size  increase.  The  difference  between  values 
of  /tS]  in  supercell  of  32  atoms  and  64  atoms  was  within 
0.001  eV.  Moreover,  /iw  was  obtained  from  a  perfect 
BCC  structure  of  tungsten.  We  used  a  tetragonal 
supercell  with  lattice  parameters  a  =  10.78,  b  —  10.78, 
and  c  =  5.40  A.  This  supercell  contains  32  silicon  atoms. 
A  tungsten  atom  was  located  in  the  tetragonal  center 


092 1 -4526/0 1 /$- see  front  matter  £  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S 09 2  1  -  4526(01)00770-0 


/.  Kitagawa,  T.  Maruizumi  /  Physica  B  308-310  ( 2001 )  424-426 


425 


(a)  (b) 


Fig.  1.  Pressure  conditions  used  in  calculation:  (a)  hydrostatic, 
(b)  in-plane. 


interstitial  position  in  the  super  cell.  We  applied  two 
pressure  conditions  to  the  supercell:  hydrostatic  pressure 
of  1  GPa  (Fig.  1(a))  and  in-plane  compression  stress  of 
lGPa  (Fig.  1(b)).  Under  such  pressure  conditions, 
enthalpy  was  used  instead  of  total  energy  of  the  defect 
supercell. 

We  performed  the  calculation  of  electronic  structure 
by  using  the  first-principles  band-calculation  package 
CASTEP  [4].  This  package  solves  the  Kohn-Sham 
equations  on  a  plane-wave  basis  via  nonlocal  pseudo¬ 
potentials,  that  is,  the  Yanderbilt-type  ultra-soft  pseu¬ 
dopotential  [5].  The  electronic  exchange-correlation  was 
treated  by  the  spin-polarized  GGA  (general  gradient 
approximation),  in  which  the  exchange-correlation 
functional  given  by  Perdew  and  Wang  [6]  was  applied. 
The  cut-off  energy  of  the  plane-wave  basis  set  was 
200  eV.  The  SCF  convergence  criterion  per  atom  was 
1  x  10_6eV,  and  the  tolerance  for  root-mean-square 
force  was  0.05  eV/A.  To  cancel  the  interaction  between 
defect  states  in  neighboring  supercells,  MP  (Monkhorst 
and  Pack)  [7]  2x2x4  mesh,  which  includes  eight 
sampling  points,  was  used.  Then,  prior  to  the  evaluation 
of  the  ionization  energy,  full  geometry  optimization  was 
done. 
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Fig.  2.  Calculated  formation  energy  of  a  neutral  vacancy  in 
silicon.  The  cell  size  is  given  on  the  bottom  of  each  panel.  The 
horizontal  gray  line  indicates  the  calculation  representing  a  216- 
atoms  cell  by  Puska  et  al.  [3]. 


3.  Results  and  discussion 

To  confirm  the  accuracy  of  the  calculated  formation 
energy,  we  first  calculated  the  formation  energies  of  a 
silicon  vacancy  (Fig.  2).  It  is  important  that  the  effect  of 
&-point  sampling  on  the  total  energy  calculations,  as 
discussed  by  Makov  et  al.  [8].  In  Fig.  2,  the  calculation 
result  from  the  MP  2x2x4  mesh  is  closer  within  0.2  eV 
to  the  formation  energy  in  216  atoms  (the  gray  line; 
calculated  in  [3])  than  that  of  F  +  L  sampling. 

Second,  the  pressure  dependence  of  the  ionization 
energy  of  the  tungsten  impurity  is  shown  in  Fig.  3. 
Ionization  energy  (  +  /0)  is  0.55  eV  at  zero  pressure. 
Under  hydrostatic  pressure,  ionization  energy  (  +  /0) 
decreases  to  0.51  eV  at  1  GPa.  Under  in-plane  pressure. 


ionization  energy  ( +  /0)  also  decreases  to  0.45  eV,  which 
is  shallower  than  that  under  hydrostatic  pressure. 
Ionization  energy  (  +  +  /  +  )  is  0.39  eV  at  zero  pressure. 
Under  hydrostatic  pressure,  (  +  +  /  +  )  increases  to  0.6  eV 
at  1  GPa.  This  abrupt  increase  of  ionization  energy 
(  +  +  /  +  )  causes  the  negative  effective  U.  Ionization 
energy  (  +  +  /0)  is  0.56  eV  at  hydrostatic  pressure  of 
1  GPa.  Under  in-plane  pressure,  ionization  energy  (  +  +  / 
+  )  also  increases  to  0.47  eV,  and  ionization  energy 
( +  +  /0)  decreases  to  0.46  eV.  The  negative  effective  U 
does  not  appear  under  zero  pressure.  This  theoretical 
result  agrees  with  the  experimental  one  in  [9].  The 
ionization  energies  cross  at  around  600  MPa  hydrostatic 
pressure,  above,  which  the  negative  effective  U  appears. 
Under  in-plane  pressure,  the  crossing  point  increases  to 
950  MPa. 
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Table  1 

Calculated  spin  moment  of  tungsten  impurity  (/i, i/unit  cell) 


Pressure  (GPa) 

0  =  0 

0  ~  Tl 

0  =  4-2 

0 

1.00 

1.60 

0.00 

1  (in-plane) 

0.98 

1.44 

1.92 

1  (hydro.) 

1.00 

1.60 

0.10 

Finally,  we  focus  on  the  spin  moment  of  tungsten 
impurity  (Table  1).  The  spin  moment  is  localized  near 
the  tungsten  atoms  under  all  pressure  conditions.  When 
the  charge  is  neutral  (0  =  0)  and  positive  (0  =  +l), 
high-spin  states  appear  under  all  pressures.  When  the 
charge  is  double-positive  ( Q  =  +2),  low-spin  states 
appears  under  zero  and  hydrostatic  pressure  of  1  GPa. 
but  the  high-spin  state  appears  under  in-plane  pressure 
of  1  GPa.  It  is  thus  concluded  that  the  spin  moment  of 
the  double-positive  charge  is  influenced  by  the  pressure 
condition. 

From  all  the  above  results,  we  can  investigate  the 
mechanism  of  ionization  energy  of  a  5d  transition  metal. 
It  is  known  that  a  5d  transition  metal,  such  as  tungsten, 
has  strong  d-p  hybridization  between  neighboring 
silicon  and  metal  atoms  and  weaker  exchange  splitting 
than  3d  transition  metals  [10].  These  imply  that  the 
ionization  energy,  which  is  related  with  the  spin-states  of 
the  metal,  is  affected  under  pressure  condition.  The 
volume  of  a  tetrahedral  cluster  of  nearest-neighbor 
silicon  around  tungsten  is  denoted  by  V  and  its  spin 
moment  is  denoted  by  ms.  The  change  of  volume- 
magnetic  ratio  is  denoted  by  \AV /Ams|,  which  is  shown 
in  Table  2.  The  magneto-volume  interaction  was 
changed  under  various  pressures.  Under  zero  pressure, 
(|AF/Aws|)°~!  is  larger  than  (IAF/AwJ)*'1'42,  while 
(|AF/Amd)°  1  is  less  than  (|AF/Amd)~ 1 2  under  both 
1  GPa  pressure  conditions  (i.e.  in-plane  and  hydro¬ 
static).  This  difference  between  the  zero  pressure  and  the 
1  GPa  pressure  conditions  is  therefore  considered  to  be 
the  origin  of  the  negative  effective  V  of  tungsten  in 
silicon.  Under  in-plane  pressure,  moreover,  the  high- 
spin-state  and  the  large  change  of  the  volume-magnet 
ratio  appear  and  the  crossing  point  increases  from  600  to 
950  MPa.  From  our  results,  it  is  implied  that  the  effect  of 


Tabic  2 

Calculated  \AV/Ams\  of  a  tetrahedral  cluster  of  nearest- 
neighbor  silicon  around  tungsten 


Pressure  (GPa) 

0(0  -+  +  1) 

0(+I-  +2) 

0 

0.075 

0.056 

1  (in-planc) 

0.000 

0.281 

1  (hydro.) 

0.075 

0.150 

magneto-volume  on  the  ionization  energy  is  larger  than 
that  in  3d  transition  metals. 


4.  Summary 

We  performed  first-principles  calculations  of  the 
electronic  and  geometrical  structures  of  tungsten  im¬ 
purity  in  crystalline  silicon.  It  was  found  that  as  pressure 
increases,  the  ionization  energy  (  +  /0)  decreases,  while 
ionization  energy  (  +  +  /  +  )  increases.  Negative  effective 
V  appears  around  a  hydrostatic  pressure  of  600  MPa.  It 
was  also  found  that  the  change  of  magneto-volume 
effect  increases  this  critical  pressure  to  about  900  MPa 
under  in-plane  conditions. 
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Abstract 

To  examine  the  site-exchange  mechanism  of  nickel  atoms  in  dislocation-free  silicon,  the  effect  of  nickel  precipitates  on 
the  in-diffusion  and  annealing  rates  has  been  investigated.  The  variation  of  the  concentration  of  substitutional  nickel 
atoms  with  time  in  these  processes  follow  well  the  theoretical  prediction  for  the  dissociative  mechanism.  It  is  suggested 
that  nickel  atoms  in  dislocation-free  silicon  exchange  their  sites  via  the  dissociative  mechanism,  or  the  dominant  point 
defects  mediating  the  site  exchange  are  vacancies.  In-diffusion  and  annealing  processes  of  nickel  atoms  are  accelerated 
by  the  presence  of  the  nickel  precipitation,  indicating  that  nickel  precipitates,  or  precipitation-induced  lattice  defects 
play  a  role  of  sinks  and  sources  of  vacancies  in  the  bulk.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Nickel;  Precipitation;  Enhanced  site-exchange  rate 


1.  Introduction 

Diffusion  and  electrical  properties  of  3d  transition 
elements  in  silicon  have  been  investigated  by  many 
researchers  [1-4]  from  technological  and  scientific  view¬ 
points.  Among  3d  transition-metal  impurities  in  silicon, 
nickel  is  known  to  be  a  peculiar  impurity  because  of  the 
following  reasons:  First,  nickel  atoms  occupy  both 
substitutional  and  interstitial  sites  in  silicon  crystal. 
Second,  while  a  large  fraction  of  total  atoms  is 
interstitially  dissolved,  only  substitutional  atoms  whose 
fraction  are  in  the  order  of  10^3  to  10-4  of  total 
dissolved  atoms  are  electrically  ionizable  [5].  For  this 
reason,  nickel  is  a  useful  impurity  for  examining  the  site- 
exchange  mechanism  of  impurity  atoms  in  silicon  by 
using  an  electrical  measurement. 

It  has  been  proposed  [5-7]  that  the  site  exchange  of 
nickel  atoms  in  dislocated  silicon  proceeds  via  a 
dissociative  mechanism  or  a  vacancy  mechanism.  In 
dislocated  silicon,  both  the  crystal  surfaces  and  the 
dislocations  act  as  sinks  and  sources  (SS)  of  vacancies. 
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However,  the  site-exchange  mechanism  in  dislocation- 
free  silicon  is  an  open  question,  since  the  experimental 
confirmation  is  still  limited  except  for  only  a  few  studies 
[4,8-10].  We  have  recently  proposed  [8-10]  that  the  site 
exchange  of  nickel  atoms  in  dislocation-free  silicon  is 
due  to  the  dissociative  mechanism  and  that  the  crystal 
surfaces  and  a  small  fraction  of  nickel  precipitates  in  the 
bulk  can  act  as  the  SS  of  vacancies.  The  presence  of 
inner  SS  may  lead  to  an  enhancement  of  site  exchange 
rate. 

The  purpose  of  the  present  paper  is  to  report  the 
results  of  the  in-diffusion  and  annealing  processes  of 
substitutional  nickel  atoms  in  dislocation-free  silicon  to 
examine  the  site-exchange  mechanisms.  It  will  be  shown 
that  the  site  exchange  rates  are  enhanced  by  the 
precipitation  of  nickel. 

2.  Experimental 

Starting  silicon  crystals  used  in  the  experiment  were 
n-type,  phosphorus-doped  and  dislocation-free 
wafers.  Phosphorus  content  ranged  from  1.3  x  1013  to 
1.4  x  1014cm-3.  Nickel  thin  films  were  deposited  by 
vacuum  evaporation  onto  the  surfaces  of  silicon  slices. 


0921-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921-4526 (0  1)0 0774-8 


428 


S.  Tanaka  ct  af.  /  Physica  B  308  310  (2001 )  427  430 


Nickel  diffusion  was  carried  out  in  flowing  nitrogen  gas 
ambient  at  diffusion  temperatures.  To  =  960  C.  The 
concentration.  Cs,  of  electrically  active  nickel  atoms, 
namely  substitutional  nickel  atoms  was  evaluated  by 
measuring  the  electrical  resistivity  by  means  of  the  four- 
point  probe  method.  For  the  in-diffusion  process,  Cs  was 
measured  as  a  functions  of  diffusion  time,  tD.  For 
annealing  process.  Cs  was  measured  as  a  function  of 
annealing  time,  tA  at  an  annealing  temperature, 
Ta  =  960  C,  after  the  sample  was  saturated  with  nickel 
at  1020  C.  Nickel  precipitates  were  observed  using  an 
infrared  microscope  (Olympus  BHSM-IR)  and  a  scan¬ 
ning  electron  microscopy  (SEM,  Elionix  ERA-8800). 


3.  Results  and  discussion 

It  has  been  generally  assumed  that,  in  the  in-diffusion 
and  annealing  processes,  the  distribution  of  Cs  is 
uniform  in  the  crystal.  However,  substitutional  (or 
electrically  active)  nickel  atoms  are  well  known  to 
manifest  {/-shaped  distribution  in  silicon.  Based  on  the 
observed  distribution  of  Cs  [10].  we  assumed  here  that 
the  distribution  is  uniform  after  removing  off  a  surface 
layer  of  thickness  of  around  0.2  /,  where  /  is  the  thickness 
of  the  sample. 

Experimental  results  are  shown  in  Figs.  1  and  2  for  in¬ 
diffusion  and  annealing  processes,  respectively.  Note 
that  Fig.  I  also  includes  the  data  for  nickel  in-diffusion 
in  dislocated  silicon.  It  is  stressed  here  that  one 
experimental  point  in  Figs.  1  and  2  represent  the 
averaged  value  over  the  values  obtained  from  a  few 
samples  prepared  independently.  Curves  show  the 
theoretical  values  of  Eqs.  (1)  and  (2)  predicted  by  the 
dissociative  mechanism: 

C./C  =  1  -exp(-rD/r)  (1) 


Fig.  1.  In-diffusion  process  of  nickel  in  dislocated  and  disloca¬ 
tion-free  silicon  crystals  at  rn  =  960  C  O:  Dislocated  silicon 
with  /  =  0.1  cm.  •:  dislocation-free  silicon  with  ,  nu.m  and 
A:  dislocation-free  silicon  with  ,  04cm.  Curves  (a),  (b)  and  (c) 
are  calculated  values  of  Eq.  (1)  with  t  =  1.1  x  10-  s,6.8x  10-  s, 
and  2.2xl04  s,  respectively. 


Fig.  2.  Annealing  process  of  nickel  in  dislocation-free  silicon  at 
Ta  -  960  C  The  sample  was  first  saturated  with  nickel  at 
Tn  =  1020  c  (C;« 8.5x10' ’em  3).  Curves  (a)  and  (b)  are  the 
calculated  values  of  Eq.  (2)  with  (a)  r  =  1 .0 x  1 0J  s  (/  =  0.05  cm), 
and  (b)  r  =  4.3  xlO4  s  (/  =  0.2cm). 


for  the  in-diffusion  process  and 

(C'  -  CS)/(C'  -  C")  =  1  -  exp(-/A/r)  (2) 

for  annealing  process.  In  Eqs.  (1)  and  (2).  superscripts  0 
and  i  are  the  thermal  equilibrium  concentration  and  the 
concentration  at  tA  —  0,  respectively.  The  experimental 
results  agree  well  with  the  theory  of  the  dissociative 
mechanism,  suggesting  that  the  dominant  point  defects 
mediating  the  site  exchange  of  nickel  atoms  are 
vacancies  as  in  the  case  of  dislocated  silicon  [6,7]. 
However,  in  the  annealing  process,  it  has  not  yet  been 
confirmed  experimentally  whether  (Cj  -  CS)/(C  -  C°) 
depends  on  C'  or  not  [6,7].  Furthermore,  diffusion 
profile  of  Cs  cannot  exclusively  determine  the  site- 
exchange  mechanism  [10].  We  infer  that  these  difficulties 
originate  from  the  presence  of  nickel  precipitates  in  the 
bulk,  which  will  be  discussed  bellow. 

Nickel  precipitates  in  the  crystal  bulk  of  dislocation- 
free  silicon.  The  nickel  precipitates,  which  were  identi¬ 
fied  by  comparison  between  infrared  microscope  images 
of  nickel-doped  and  undoped  silicon  crystals,  are 
Potential  candidates  for  SS  of  vacancies.  Nickel  pre¬ 
cipitates  was  confirmed  by  SEM  observation.  The  radius 
of  precipitates  ranged  typically  from  1  to  3  pm. 

Fig.  3  shows  the  precipitation  density,  /?pr,  as  func¬ 
tions  of  6)  and  7b  in  the  in-diffusion  process  at  the 
center  of  the  crystal.  It  can  be  seen  that  «pr  increases 
monotonically  with  the  increase  of  tD  and  TD.  This 
suggests  that  the  precipitation  process  proceeds  during 
the  heat  treatment  as  well  as  the  quenching  processes, 
and  that  heterogeneous  nucleation  sites  of  the  precipita¬ 
tion  are  present  in  the  bulk  of  dislocation-free  silicon. 
Although  the  type  of  nucleation  sites  is  unknown, 
spontaneous  nucleation  at  the  strain  centers  such  as 
grown-in  defects  would  be  possible.  Precipitates  were 
observed  only  in  the  case  of  rapid  quenching.  Further¬ 
more,  any  nickel  precipitate  in  the  bulk  could  not  be 
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Fig.  3.  The  precipitation  density,  npr,  as  functions  of  TD  (°C) 
and  tD  (s)  in  the  in-diffusion  process  at  the  center  of  the  crystal. 
Samples  were  prepared  with  the  cooling  rate  of  about  90°Cs7 
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observed  after  the  heat  treatment  at  temperatures  lower 
than  860°C. 

It  has  been  reported  [4,8-10]  that  the  nickel  pre¬ 
cipitates  accelerate  significantly  the  site  exchange  rate, 
1/t,  of  nickel.  Nickel  precipitates  formed  at  high 
temperatures  or  precipitate-induced  lattice  defects  such 
as  bound  dislocations  [12]  possibly  play  a  role  as  SS  of 
vacancies.  If  the  crystal  surfaces  and  inner  defects  act  as 
SS,  1  /t  in  the  in-diffusion  and  annealing  processes  may 
be  described  as  [13,14] 


1 

X 


<?  +  cj 


(3) 


where  C%°  and  Dv  are  the  thermal  equilibrium  concen¬ 
tration  and  diffusion  coefficient  of  vacancies,  and  (n/l)~ 
describes  the  contribution  from  the  surface  SS  to 
and  Gss  the  contribution  from  the  inner  SS.  If  the 
spherical  inner  SS  with  radius  r0  is  randomly  distributed 
with  the  effective  volume  density,  Nss,  in  the  bulk,  Gss 
can  be  given  by  [13] 

Gss  =  47iro^Vss* 


Experimental  data  of  x  in  Figs.  1  and  2  are  plotted  as 
a  function  of  / 2  in  Fig.  4  in  which  the  value  of  x  at 
l2  =  0.01  cm2  is  normalized  to  unity.  Broken  curves 
show  the  calculated  value  of  Eqs.  (3)  and  (4)  with  the 
Nss  values  shown  in  the  figure.  The  theoretical  values  of 
t  for  ASs~(2-3)xl05  cm-3  in  the  in-diffusion  process 
and  for  Ns s  «  3x  106  cm-3  in  the  annealing  process  seem 
to  fit  qualitatively  to  the  experimentally  obtained  values 
of  t.  Thus  precipitates  or  presumably  precipitate- 
induced  lattice  defects  may  lead  to  the  acceleration  of 
the  site-exchange  rate  of  nickel  in  dislocation-free 
silicon.  The  site  exchange  of  nickel  atoms  may  be 
limited  by  the  vacancy  diffusion  in  the  crystal  from  the 
SS  since  diffusion  coefficient  of  vacancies  is  much  lower 
than  that  of  interstitial  nickel  atoms  [6,7]. 


Fig.  4.  Relationship  between  x  and  / 2  in  the  in-diffusion  process 
(•)  and  annealing  process  (O).  The  values  of  x  at  l2  = 
0.01cm2  are  normalized  to  unity.  Broken  lines  show  the 
calculated  values  of  Eqs.  (3)  and  (4)  with  NSs  values  indicated 
in  the  figure. 

In  dislocated  silicon,  on  the  other  hand,  it  has  been 
established  [7]  that  both  dislocations  and  crystal  surfaces 
are  the  SS  of  vacancies.  Hence  the  in-diffusion  and 
annealing  processes  of  substitutional  impurity  atoms  are 
limited  by  the  slower  process,  whether  the  generation 
and  annihilation  of  vacancies  at  the  SS  or  the  diffusion 
of  vacancies  in  the  crystal.  In  order  to  compare  the 
values  of  x  of  the  in-diffusion  process  between  dislocated 
and  dislocation-free  silicon,  we  have  re-examined  the  in¬ 
diffusion  process  for  dislocated  silicon  crystals  with 
dislocation  densities,  nci,  from  1.7x  104  to  2.1  x  104  cm  2. 
It  was  found  [10]  that  Cs  varies  with  tD  in  accordance 
with  Eq.  (1),  and  that  xnd*2x  107  scm-2  which  is  very 
consistent  with  the  reported  results  [6,7]  in  which  xnd 
ranged  from  2.1xl07  to  3.5x  107  scm^2.  This  result 
indicates  that  the  product  xnd  is  invariant  for  the 
dislocated  silicon  samples.  The  time  constant,  x,  of  in¬ 
diffusion  process  (and  also  of  annealing  process,  see 
Ref.  [7])  is  then  inversely  proportional  to  nd.  A  reason¬ 
able  explanation  for  this  relation  is  that  Gss  may  be 
given  by  Gss  =  27md/ln(rd/F0)  [6,7],  where  rd  and  rf0  are 
the  half  mean  distance  of  dislocations  and  the  effective 
radius  of  a  dislocation  for  capturing  a  vacancy, 
respectively.  Therefore,  xnd  may  be  constant  if  disloca¬ 
tions  are  the  dominant  SS  of  vacancies. 

Since  the  diffusion  coefficient,  of  interstitial  nickel 
atoms  is  high  [5]  and  the  solubility  decays  exponentially 
with  the  decrease  of  temperature  [11],  interstitial  nickel 
atoms  may  diffuse  out  to  the  surface  and/or  form 
precipitates  in  the  bulk.  Seibt  and  Schroter  [12]  have 
revealed  the  morphology,  structure  and  composition  of 
nickel  precipitates  in  the  bulk.  They  [12]  also  proposed 
the  model  that  the  growth  of  the  precipitates  proceeds 
exclusively  by  the  diffusion  of  interstitial  nickel  atoms  to 
the  dislocations  bound  to  precipitates.  Although  we 
have  not  been  successful  to  observe  the  bound  disloca¬ 
tions,  we  consider  that  the  bound  dislocations  play  a 
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role  of  the  SS  of  vacancies.  To  our  knowledge,  a  series  of 
our  studies  [4,8-10]  is  the  first  observation  of  the 
enhanced  site-exchange  diffusion  in  transition-metal 
impurity  atoms  in  dislocation-free  silicon  due  to  the 
presence  of  precipitates  or  precipitation-induced  lattice 
defects. 

In  summary,  it  was  suggested  that  nickel  atoms  in 
dislocation-free  silicon  exchange  their  sites  by  the 
dissociative  mechanism.  i,e.,  the  dominant  point  defects 
mediating  the  site  exchange  are  vacancies.  Nickel 
precipitates  in  dislocation-free  silicon  as  well  as  in 
dislocated  silicon.  The  crystal  surfaces,  and  nickel 
precipitates  or  precipitate-induced  lattice  defects  were 
found  to  play  a  role  as  the  SS  of  vacancies,  which 
increases  significantly  the  site  exchange  rates. 
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Abstract 

The  diffusion  of  implanted  195Au  in  amorphous  Si3N4-  and  Si4N3-layers  has  been  investigated  by  means  of  a 
radiotracer  technique.  Except  for  as-produced  a-Si4N3,  in  which  pronounced  structural  relaxation  takes  place  during 
diffusion  annealing,  195Au  was  found  to  diffuse  via  interstitial-like  mechanisms.  A  sudden  freezing  of  the  195Au- 
diffusivity  in  pre-annealed  a-Si4N3  below  about  880°C  is  attributed  to  a  disorder— order  phase  transition.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  195Au-diffusion  in  amorphous  Si3N4  and  Si4N3;  Radiotracer  technique;  Interstitial-type  diffusion  mechanisms;  Order- 
disorder  phase  transtition 


1.  Introduction 

The  production  of  Si-(B-)C-N-type  ceramics  from 
polymeric  precursors  plays  a  significant  role  in  the 
development  of  advanced  materials  [1].  In  this  produc¬ 
tion  route,  an  intermediate  amorphous  state  is  passed 
from  which  the  final  polycrystalline  ceramic  produce 
evolves  by  diffusion-controlled  crystallization. 

Using  polyvinylsilazane  as  precursor,  the  intermediate 
amorphous  (a)  state  is  a-Si28C36N36.  According  to 
neutron-  and  X-ray-diffraction  studies  [2],  this  consists 
of  a-Si3N4  and  a-C  domains.  Previous  investigations 
have  shown  that  in  a-Si28C36N36  the  diffusion  of 71  Ge  [3] 
and  ,95Au  [4]  is  controlled  by  the  a-Si3N4  phase.  More 
specifically,  it  has  been  proposed  that  71  Ge  is  covalently 
incorporated  and  diffuses  via  smeared-out  vacancies, 
whereas  195Au  squeezes  through  the  meshes  of  the 
amorphous  network  in  an  interstitial-like  manner. 

Obviously,  the  preceding  proposal  how  71Ge  and 
195Au  diffuse  in  a-Si3N4  are  solely  based  on  the 
investigations  on  a-Si28C36N36.  Hence,  in  this  work 
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measurements  of  the  diffusion  of  ,95Au  in  amorphous 
silicon  nitride  have  been  performed. 

A  problem  in  diffusion  studies  on  amorphous  solids  is 
the  metastability  of  these  materials.  This  may  lead  to  a 
structural  relaxation  during  diffusion  annealing.  To 
determine  the  effect  of  such  relaxations,  195Au-diffusiv- 
ities  have  been  measured  on  both  as-produced  and  pre¬ 
annealed  a-Si3N4. 

It  is  not  very  likely  that  the  amorphous  silicon-nitride 
domains  in  a-Si28C36N36  possess  precisely  the  composi¬ 
tion  Si3N4.  Therefore,  the  influence  of  “chemical 
misfits”  was  tested  by  extending  our  195Au-diffusion 
studies  on  as-produced  and  pre-annealed  amorphous 
silicon  nitride  of  the  composition  Si4N3. 


2.  Experiments 

The  specimens  used  in  the  present  diffusion  studies 
were  1  pm  thick  layers  of  a-Si3N4  or  a-Si4N3,  which 
had  been  produced  by  sputter-deposition  of  Si 
onto  Si-substrates  in  N2-atmosphere.  Some  of  the 
specimens  were  pre-annealed  for  2h  at  1050°C.  The 
amorphousness  of  the  layers  was  tested  by  electron 
diffraction. 
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The  diffusion  measurements  were  done  by  means  of  a 
radiotracer  technique,  in  which  10!6  radioactive  ]l)>Au- 
atoms/m2  were  implanted  with  a  kinetic  energy  of 
60  keV  to  depths  of  about  30  nm  into  7x7  mm2 
platelet-shaped  specimens.  The  implantations  were 
followed  by  isothermal  diffusion  anneals  in  the  tem¬ 
perature  regime  of  835— 1 020" C;  the  annealing  durations 
were  20  min  to  22.6  h.  The  diffusion  profiles  C(.v)  were 
determined  by  serial  sectioning  with  the  aid  of  ion-beam 
sputtering  and  subsequent  sectionwise  measuring  of  the 
radioactivity  (C=  '^Au-concentration,  x  =  depth  coor¬ 
dinate).  From  these,  the  diffusion  coefficients,  Z),  were 
extracted  by  fitting  an  appropriate  solution  of  the 
diffusion  equation. 


3.  Results  and  discussion 

3.1.  Diffusion  ofmAu  in  a-SiyNj 

Fig.  1  show's  diffusion  profiles  of 195 Au  in  as-produced 
(O)  and  pre-annealed  (•)  a-Si3N4.  Both  profiles 
possess  a  hump  a,  where  the  peak  of  the  implantation 
profile  was  located.  This  arises  from  ,95Au-atoms 
trapped  by  implantation-induced  damage.  The  hump  <5 
in  the  profile  of  the  pre-annealed  specimen  is  due  to  an 
accumulation  of  ,9>Au-atoms  at  the  a-Si3N4-Si  interface. 

In  the  as-produced  specimen,  the  regime  p  of  the 
profile  reflects  the  migration  of  the  ,9>Au-atoms  during 
diffusion  annealing.  The  diffusion  coefficients  of  ,95Au  in 
as-produced  a-Si3N4  displayed  in  Fig.  2  (O)  were 
determined  from  the  regime  p  of  such  diffusion  profiles. 
They  obey  an  Arrhenius  law' 

D  =  D0exp(-H/kT)  (1) 

with  the  pre-exponential  factor  D{)  =  1.4  x  10  snrs  1 
and  the  diffusion  enthalpy  H  =  2.5  eV  (k  is  Boltzmann’s 
constant,  T  is  the  temperature).  As  discussed  by  Matics 
and  Frank  [4]  these  values  indicate  that  in  as-produced 
a-Si3N4  19:>Au  undergoes  direct  interstitial-like  diffusion. 


Fig.  1.  Diffusion  profiles  of  ,95Au  in  as-produced  (O)  and  pre- 
annealed  (•)  amorphous  Si^Nj  after  diffusion  annealing  at 
933  C  for  16  h  and  at  932  C  for  1 6.6  h.  respectively.  For  the 
discussion  of  the  various  parts  of  the  profiles,  t  8,  sec  text. 
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Fig.  2.  Arrhenius  plots  of  the  diffusion  coefficients  of  I9?Au  in 
as-produced  amorphous  Si3N4  (O)  and  of  l95Au  (A)  or  7lGe 
(♦)  in  pre-annealed  amorphous  Si4N3. 

In  the  pre-annealed  a-Si3N4  specimen  (Fig.  1,  •),  the 
major  part  7  of  the  diffusion  profile  has  a  shape  that  is 
characteristic  of  diffusion  via  the  kick-out  mechanism  [5] 
and  thus  implies  that  195 Au  diffuses  faster  than  in  as- 
produced  a-Si3N4. 

A  more  detailed,  admittedly  speculative  interpretation 
of  the  results  on  the  diffusion  of  195Au  in  a-Si3N4 
presented  above  is  given  in  what  follows.  As  in  crystal¬ 
line  Si3N4,  important  building  blocks  of  the  continuous 
random  a-Si3N4  network  are  tetrahedra  (in  Fig.  3 
represented  by  triangles)  with  4  N-atoms  at  their  corners 
and  1  Si-atom  at  their  centres  [6].  In  as-produced  a- 
Si3N4  these  tetrahedra  are  damaged,  distorted,  and  not 
well  arranged.  These  imperfections  hamper  the  direct 
diffusion  of  l9>Au  in  as-produced  a-Si3N4. 

Thermal  annealing  of  a-Si3N4  perfects  the  tetrahedra 
and  arranges  them  to  establish  a  short-range  order 
resembling  the  crystalline  Si3N4-structure.  In  this  more 
perfect  a-Si3N4,  many  neighbouring  tetrahedra  are 
grown  together  at  their  corners  sharing  an  N-atom.  In 
pre-annealed  a-Si3N4,  this  network  of  grow?n-together 
tetrahedra  constitutes  paths  for  rapid  diffusion  of  ,9?Au. 
As  shown  in  Fig.  3a,  an  Au-atom  may  either  substitute 
an  Si-atom  (Aus)  or  form  a  mixed  dumbbell  interstitial 
(Aiii)  by  sharing  a  central  tetrahedron  site  with  an  Si- 
atom.  The  existence  of  these  two  configurations  of  gold 
atoms  is  a  prerequisite  for  the  operation  of  a  kick-out 
mechanism  [5]  in  which  Aui  migrates  by  a  jump  of  the 
Au-atom  of  the  mixed  dumbbell  into  the  centre  of  a 
neighbouring  tetrahedron.  There  either  a  new'  mixed 
dumbbell  is  formed  or,  by  releasing  a  dumbbell  Si  self¬ 
interstitial  (I),  an  immobile  Aus-atom  is  produced.  The 
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Auj  Aus 


(a)  Au  j  Aiij 


(b)  low-7’  phase  high-7’ phase 

Fig.  3.  Schematic  illustration  of  diffusion  mechanisms.  The 
triangles  stand  for  tetrahedra  whose  corners  are  formed  by 
N-atoms.  Empty  and  full  circles  represent  Si-atoms  and  foreign 
atoms,  respectively,  (a)  I95Au-diffusion  in  pre-annealed  amor¬ 
phous  Si3N4  (Auj  =  mixed  Si-Au  dumbbell,  Aus  =  substitutional 
Au,  I  =  dumbbell  Si  self-interstitial),  (b)  195Au-  or  7iGe- 
diffusion  in  pre-annealed  amorphous  Si4N3  (1  -  reorientation 
of  a  mixed  dumbbell,  2  =  shift  of  a  dumbbell  configuration). 


reversibility  of  these  processes  required  for  kick-out 
diffusion  is  indicated  in  Fig.  3a  by  the  pair  of  arrows. 

3.2 .  Diffusion  of195Au  in  a-Si4N3 

As  a  result  of  the  “chemical  misfit”  of  a-Si4N3,  in  its 
as-produced  state  195Au-diffusion  is  superimposed  by 
pronounced  concurrent  structural  relaxation.  Hence, 
meaningful  diffusion  profiles  cannot  be  measured  on  as- 
produced  a-Si4N3. 

An  interesting  phenomenon  occurs  in  pre-annealed 
a-Si4N3.  Within  the  small  temperature  interval  869— 
936°C,  the  diffusivities  of  both  195 Au  and  71Ge  increase 
from  unmeasurably  small  values  to  10  17  and 
10~19m2s_1,  respectively,  and,  at  higher  temperatures, 
obey  Arrhenius  laws  (195Au:  Do  =  3.4  x  10-3  nrs”1, 
H  =  3.4 eV;  71Ge:  D0  =  5  x  10"4 mV1,  tf  =  3.8eV) 
(Fig.  2).  As  will  be  shown  below,  these  sudden  diffusivity 
increases  of  both  195Au  and  71  Ge  at  similar  temperatures 
may  be  ascribed  to  a  structural  phase  transition. 

In  extension  of  the  scenario  (Fig.  3a)  invoked  to 
explain  the  diffusion  mechanism  of  195Au  in  pre- 
annealed  a-Si3N4  (Fig.  1,  •  ),  we  propose  that  pre- 
annealed  a-Si4N3  may  be  constructed  from  pre-annealed 
a-Si3N4  by  replacing  78%  of  the  Si-atoms  in  the  centres 
of  the  N-tetrahedra  with  Si-dumbbells  (Fig.  3b).  Si  self- 
diffusion  in  pre-annealed  a-Si4N3  is  assumed  to  occur  via 
an  interstitialcy-like  mechanism  in  which  a  Si-dumbbell 
configuration  shifts  into  a  dumbbell-free  neighbouring 
tetrahedron  (containing  one  Si-atom  only).  If  the 
major  axis  of  the  dumbbell  does  not  point  to  the 
N-corner  shared  with  a  dumbbell-free  neighbouring 
tetrahedron,  the  dumbbell  shift  has  to  be  preceded  by  a 


reorientation  of  the  dumbbell.  This  dumbbell  reorienta¬ 
tion  is  assumed  to  be  the  rate-controlling  step  in  the  Si 
self-diffusion  in  pre-annealed  a-Si4N3.  Conveying  this 
model  to  foreign-atom  diffusion  (Fig.  3b),  we  suggest 
that  I95Au  or  71Ge  diffuses  in  pre-annealed  a-Si4N3  with 
the  aid  of  mixed  Si-Au  or  Si-Ge  dumbbells  in  a 
corresponding  manner. 

The  diffusion  mechanisms  in  pre-annealed  a-Si4N3 
proposed  above  lead  to  a  natural  explanation  of 
the  sudden  diffusivity  rise  of  195 Au  and  71Ge  occurring 
when  the  diffusion  temperature  is  raised  through  the 
interval  869-936°C.  Below  this  temperature  regime 
the  dumbbells  are  aligned,  at  least  domainwise,  in  a 
parallel  direction  (Fig.  3b,  left).  In  this  ferro-elastic  state, 
the  reorientation  of  the  dumbbells  is  blocked  and,  as  a 
result,  diffusion  is  suppressed.  Above  this  temperature 
regime  (Fig.  3b,  right),  thermally  activated  reorientation 
of  the  dumbbells  is  possible.  This  results  in  a  para-elastic 
state  and  enables  dumbbell-mediated  diffusion  to  occur. 

The  fact  that  the  abrupt  diffusivity  changes  of  195Au  and 
71Ge  take  place  at  similar  temperatures  is  in  accordance 
with  their  interpretation  in  terms  of  an  order-disorder 
phase  transition  of  pre-annealed  a-Si4N3.  Moreover,  the 
similarity  of  both  the  diffusion  enthalpies  and  the  .Do- 
values  for  195Au  and  71Ge  (see  above)  is  not  surprising  if 
one  accepts  that  both  elements  diffuse  via  dumbbells.  The 
preceding  interpretation  implies  that  in  pre-annealed  a- 
Si4N3  Si  self-diffusion  sets  in  at  temperatures  similar  to  the 
on-set  temperatures  of 195 Au-  and  7 1Ge-diffusion  and  that 
the  activation  enthalpy  and  the  Do -value  of  Si  self¬ 
diffusion  are  close  to  those  of  19^Au  and  71Ge.  These 
predictions  permit  one  to  test  the  preceding  interpretation. 
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Abstract 

Properties  of  interstitial  chromium  (Cr*)  in  hydogenated  p-type  Si  crystals  were  studied  by  means  of  an  EPR  method. 
Specimens  were  prepared  from  a  floating-zone  grown  p-type  Si  crystal.  They  were  doped  with  Cr  by  high  temperature 
annealing  in  Cr  vapor,  followed  by  quenching.  Then,  they  were  doped  with  hydrogen  (H)  by  annealing  in  H,  gas 
followed  by  quenching.  We  measured  their  EPR  spectra  to  determine  the  concentrations  of  Crj  and  CrB  pair.  The 
intensity  of  EPR  spectrum  due  to  Cr,  in  hydrogenated  Si  was  about  one-tenth  of  that  without  H  when  they  were  doped 
at  1250  C.  The  heat  of  the  solution  of  Cr  in  hydrogenated  Si  was  determined  to  be  about  1.9eV  which  is  much  smaller 
than  that  (2.9  eV)  without  H  doping.  The  migration  energy  of  Cr,  in  H-doped  Si  was  determined  to  be  0.70  + 0.09  eV, 
which  is  smaller  than  that  (about  1  eV)  without  H.  Site  change  from  interstitial  to  substitutional  was  observed  in  the 
specimen  co-doped  with  Cr  and  Cu.  (r.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Cr;  Si;  Hydrogen;  EPR 


1.  Introduction 

Hydrogen  (H)  in  Si  crystals  is  chemically  active  and 
easily  forms  pairs  and  complexes  with  other  impurities 
and  defects.  Complexes  of  H  and  5d  transition  metal 
impurities  have  been  studied  by  means  of  EPR.  FT-IR 
and  DLTS  methods.  Their  symmetries,  number  of  H 
atoms  included  in  the  complexes  as  well  as  their  energy 
levels  have  been  clarified  [1].  On  the  other  hand,  studies 
on  complexes  of  H  and  3d  transition  metal  impurities 
have  not  been  performed  well.  The  3d  transition  metals 
mainly  occupy  interstitial  sites  in  contrast  with  5d 
transition  metals,  which  mainly  occupy  substitutional 
sites.  They  are  harmful  for  silicon  devices  from  practical 
viewpoint  and  have  interesting  properties  from  basic 
viewpoint.  Their  energy  levels  were  determined  by 
means  of  the  DLTS  method  [2].  Takahashi  and  Suezawa 
studied  Fe-H  complexes  by  means  of  the  EPR  method 
[3].  They  found  that  the  solubility  of  Fe  changes 
according  to  the  co-doping  of  H  and  also  found  a  new 
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EPR  spectrum  due  to  Fe-H  pair.  We  performed  a 
similar  study  on  Cr.  It  has  been  clarified  that  Cr  has 
properties  much  different  from  those  of  Fe. 


2.  Experiment 

Specimens  used  in  this  experiment  were  cut  out  from  a 
floating-zone  grown  silicon  crystal  of  p-type  (boron 
concentration:  2.5  x  lO'^cm  ■'),  since  positively  charged 
Cr,  Crj!  ,  is  easily  detected  by  EPR  measurements.  After 
mechanical  shaping  and  chemical  etching,  Cr  was  doped 
by  a  vapor-pressure  method,  namely,  specimens  were 
sealed  in  evacuated  quartz  capsules  together  with  a  piece 
of  Cr  wire  and  were  heated  at  appropriate  temperature 
for  duration  longer  than  those  estimated  from  the 
diffusion  constant  of  Cr  followed  by  quenching  in  water. 
Next,  we  doped  specimens  with  H  by  heating  specimens 
in  Ht  gas  (1  atm)  followed  by  quenching.  We  measured 
their  EPR  spectra  by  an  X-band  spectrometer  at  1 5  K  to 
determine  the  concentrations  of  Cr* ,  CrB  pair  and  Cr!?, 
where  the  subscripts  i  and  s  denote  interstitial  and 
substitutional  occupation  sites,  respectively,  and  super¬ 
scripts  0  and  +  denote  neutral  charge  state  and  positive 
charge  state,  respectively. 
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3.  Results  and  discussion 

3.1.  Solubility  of  Cr{ 

Fig.  1  shows  EPR  spectra  due  to  Crj+  before  (dashed 
line)  and  after  (solid  line)  H-doping.  The  doping 
temperature  was  1250°C.  The  EPR  intensity  due  to 
Cq+  was  much  reduced  due  to  H-doping.  To  system¬ 
atically  study  this  reduction,  we  performed  similar 
experiments  after  doping  at  various  temperatures. 
Fig.  2  shows  the  results.  As  clearly  seen,  the  apparent 
heat  of  solution,  which  corresponds  to  the  slope  of 
Fig.  2,  decreases  much  due  to  H-doping.  The  apparent 
heat  of  solution  determined  from  Fig.  2  were  2.9  ±0.1 
and  1.7±0.1eV  for  specimens  without  and  with 
H-doping,  respectively.  The  former  agrees  well  to  the 
reported  data  [4]. 

As  for  the  origin  of  solubility  reduction,  we  discuss 
three  possibilities;  out-diffusion  of  Cr  during  H-doping, 
formation  of  complexes  of  Cr  and  H  during  H-doping  or 
during  quenching  and  change  of  occupation  sites  from 
interstitial  to  substitutional  sites  during  quenching. 
First,  we  estimated  amount  of  out-diffusion  with  the 
use  of  diffusion  data.  It  was  too  small  to  explain 
the  observed  results.  Second,  Sadoh  et  al.  determined  the 
energy  levels  due  to  CrH  complexes  by  means  of  the 
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Fig.  1 .  EPR  spectra  of  Cr*  before  (dashed  line)  and  after  (solid 
line)  H-doping.  Cr  and  H  were  doped  at  1250°C. 
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Fig.  2.  The  dependences  of  EPR  intensity  on  the  doping 
temperature.  Cr  and  H  were  doped  at  the  same  temperatures. 


DLTS  method  [5],  We,  however,  did  not  observe  any 
extra  signal  other  than  Cq+ .  We  tentatively  propose  that 
the  reduction  of  Cq  solubility  occurs  due  to  change  of 
occupation  sites  from  interstitial  to  substitutional  sites 
during  quenching.  For  the  site  change  to  occur, 
vacancies  are  necessary.  As  shown  in  a  separate  paper 
[6],  the  concentration  of  vacancy  in  the  form  of 
complexes  of  vacancies  and  hydrogen  atoms  is  high 
when  hydrogen  is  doped.  Hence,  there  is  a  high 
probability  to  change  occupation  sites  during  quench¬ 
ing. 


3.2.  Annealing  experiments 

In  the  case  of  Si  co-doped  with  Fe  and  H,  we  observed 
the  formation  of  Fe-H  pairs  due  to  annealing  [3].  We 
studied  the  isochronal  annealing  behavior  of  Cq+ .  Fig.  3 
shows  the  result.  Circles  and  dashed  line,  which  was 
drawn  to  guide  the  eye,  show  the  annealing  behaviors  in 
the  specimen  without  H-doping.  Cr-B  pairs  were  formed 
around  125°C  corresponding  to  the  decrease  of  Cq+.  At 
above  about  275°C,  the  intensity  of  Cq+  decreased.  On 
the  other  hand,  decrease  of  Cq+  occurred  at  >  175°C  in 
the  case  of  H-doped  specimen,  as  shown  by  triangles  and 
solid  line,  which  was  drawn  to  guide  the  eye.  Hence, 
these  results  strongly  suggest  that  diffusion  rate  of  Cq+ 
is  faster  in  H-doped  specimen. 

To  determine  the  migration  energy  of  Cq+,  we 
performed  isothermal  annealing  experiments.  Fig.  4 
shows  the  formation  of  CrB  pair  due  to  isothermal 
annealings  at  various  temperatures  in  specimens  without 
H-doping.  Solid  lines  are  fitting  curves  due  to  the  first 
order  reaction.  Fittings  are  good.  The  inset  of  Fig.  4 
shows  the  dependence  of  time  constant  on  the  annealing 
temperature.  From  this  inset,  the  activation  energy 


Annealing  temperature  (*C) 

Fig.  3.  Isochronal  annealing  curves  of  Cq+  in  Si  without  H- 
doping  (circles  and  dashed  line)  and  with  H-doping  (triangles 
and  solid  line).  Annealing  duration  was  30  min  at  each 
temperature. 
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Fig.  4.  Isothermal  annealing  curves  for  CrB  formation  in  Si 
without  H-doping.  Solid  lines  were  fitting  curves  due  to  the 
first-order  reaction.  Annealing  temperatures  of  squares,  inverse 
triangles,  triangles  and  circles  were  70' C,  80  C.  90  C  and 
100  C.  respectively.  The  inset  shows  the  dependence  of  the  time 
constant  on  the  annealing  temperature. 


Fig.  5.  Isothermal  annealing  curves  of  Cq  in  Si  doped  with  H. 
Solid  lines  were  fitting  curves  due  to  the  first-order  reaction. 
Annealing  temperatures  of  triangles,  circles  and  squares  were 
210CC.  220  C  and  230  C.  respectively.  The  inset  shows  the 
dependence  of  the  time  constant  on  the  annealing  temperature. 

for  the  migration  of  Cr,*  was  determined  to  be 
0.95  +  0.02  eV,  which  is  in  good  agreement  with  the 
values  reported  so  far  (around  1.0  eV)  [7],  We  also 
performed  isothermal  annealing  experiment  of  H-doped 
specimens.  Fig.  5  show's  the  experimental  results  and 
fitting  curves  with  the  first  order  reaction.  The  inset 
shows  the  dependence  of  the  time  constant  on  the 
annealing  temperature.  The  activation  energy  of  Oj1 
diffusion  w'as  determined  to  be  0.70  + 0.09  eV,  which  is 
smaller  than  the  above  value.  Hence,  there  is  a  reduction 
of  activation  energy  of  Cr,*  diffusion  due  to  H  doping. 
Such  reduction  due  to  H-doping  was  first  reported  for 
the  activation  energy  of  oxygen  diffusion  in  Si  [8].  We  do 
not  have  any  explanation  for  the  reduction  in  the  case  of 
Cr.  It  may  be  the  same  in  the  case  of  oxygen  [9]. 


Fig.  6.  Isochronal  annealing  curves  of  Crs  in  a  specimen  co- 
doped  with  Cu  and  Cr.  The  concentration  of  Cu  was  about 
1  x  10lscm  \  AQ  denotes  the  as-quenched  state. 

According  to  literatures  on  Ci-j  diffusion  [7],  the 
activation  energy  determined  at  high  temperature  is 
about  1  eV  and  that  determined  at  low'  temperature  is 
about  0.8eV  [10,11].  Based  on  our  results,  we  inter¬ 
preted  smaller  activation  energy  at  low  temperature  to 
be  due  to  the  effect  of  H  since  it  w'as  determined  w'ith  the 
DLTS  method.  In  this  method,  specimens  should  be 
etched  to  fabricate  good  Schottky  contact.  Hydrogen 
atoms  probably  come  into  Si  crystals  during  etching  and 
enhance  the  Cr;  diffusion. 

In  Section  3.1,  w'e  propose  the  site  change  of  Cr 
during  quenching.  To  confirm  the  site  change,  we 
performed  annealing  experiments  of  specimens  co¬ 
doped  with  Cu  and  Cr,  Fig.  6  show's  an  isochronal 
annealing  curve.  The  concentration  of  Crs  increased  at 
around  300  C  and  decreased  at  around  550Xf.  Hence, 
Crs  is  more  stable  than  Cq.  The  activation  energy  for 
the  increase  of  Crs  was  determined  to  be  about 
1.00  +  0.07eV,  which  is  in  good  agreement  w'ith  Cr; 
diffusion.  Hence,  the  site  change  is  thought  to  occur  due 
to  Cr,  diffusion  to  vacancies,  which  are  not  in  isolated 
state  but  in  a  state  of  complexes. 


4.  Summary 

We  studied  the  properties  of  Cr  in  Si  doped  w  ith  H  by 
means  of  the  EPR  method.  The  heat  of  solution  of  Cr  in 
H-doped  specimens  was  determined  to  be  1.7  +  O.leV, 
which  is  much  smaller  than  that  (2.9±0.1eV)  without 
H-doping.  The  activation  energy  of  Cr  migration  in  H- 
doped  specimens  was  determined  to  be  0.70 ± 0.09  eV, 
which  is  smaller  than  that  (about  1.0  eV)  without 
H-doping. 
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Abstract 

We  studied  optical  absorption  spectra  of  platinum  (Pt)-doped  Si  and  found  new  optical  absorption  peaks  related  to 
Pt.  FZ-Si  was  separately  doped  with  Pt  and  H  by  heating  at  1 300'  C  followed  by  quenching  in  water.  Optical  absorption 
spectra  were  measured  at  about  7K  with  a  Fourier  transform  infrared  spectrometer.  We  observed  a  new  peak  at 
1 719.4cm  ' 1  in  as-quenched  specimens  and  also  new  peaks  in  the  region  from  1300  to  1500cm  1  after  annealing  at 
above  500  C.  From  the  isotope  shift  caused  by  deuterium  doping,  the  dependence  on  excitation  energy  and  the 
annealing  behaviors,  these  peaks  were  found  to  be  due  to  the  electronic  transition  of  Pt-related  defects  such  as  Pt 
clusters,  rather  than  to  the  local  vibrational  modes  of  H.  (f;>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Platinum:  Hydrogen:  Optical  absorption;  Silicon 


1.  Introduction 

The  characteristics  of  platinum  (Pt)  in  Si  have  been 
extensively  investigated  to  control  the  minority-carrier 
lifetime,  which  depends  on  its  energy  levels  and  thermal 
capture  cross  sections.  There  are  several  Pt-related 
defects  which  introduce  deep  levels  in  the  band  gap. 
The  existence  of  isolated  substitutional  Pt  [1-3],  Pt  pairs 
[4,5].  6-Pt  clusters  [6].  Pt-hydrogen  (H)  complexes  [7] 
and  Pt-oxygen  complexes  [8.9]  have  so  far  been  reported 
by  studies  using  electron  paramagnetic  resonance  (EPR) 
methods,  deep  level  transient  spectroscopy  (DLTS), 
and  optical  absorption  spectroscopy.  To  control  the 
minority-carrier  lifetime  in  fast-switching  diodes,  it  is 
necessary  to  understand  the  properties  of  the  above- 
mentioned  defects,  especially,  defects  introducing  the 
midgap  level.  In  this  study,  we  investigated  Pt-related 
defects  in  Si  from  the  measurements  of  their  optical 
absorption  since  optical  absorption  measurements  have 
been  shown  in  only  a  few  reports.  The  formation  of  Pt- 
related  defects  was  investigated  in  a  wide  temperature 
range  and  we  found  new  optical  absorption  peaks  due  to 
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Pt-related  defects.  The  characteristics  and  constituents 
of  the  Pt-related  defects  were  investigated  based  on  the 
annealing  behaviors,  isotope  shift,  and  the  dependence 
on  excitation  energy. 


2.  Experimental 

We  used  high-purity  n-type  Si  ([P]  =  4x  1012cirT3) 
with  a  size  of  about  6  x  6  x  12  mm3.  To  dope  Si  with  Pt, 
specimens  deposited  with  thin  Pt  films  (40  nm  in 
thickness  on  the  opposite  tw'o  wide  surfaces)  were  sealed 
in  quartz  capsules  together  with  Ar  gas  and  heated  at 
1300'C  for  8h  followed  by  quenching  in  water.  The 
solubility  of  Pt  is  about  10,7cm' 3  at  1300  C  [10].  After 
Pt  doping,  the  specimens  were  etched  with  a  mixed  acid 
to  remove  excess  Pt  from  the  surface  since  Pt  tends  to 
form  silicide  on  the  specimen  surface.  To  dope  Si  with  H 
(D),  the  specimens  were  then  sealed  in  quartz  capsules 
together  with  H2  (D2)  gas  and  heated  at  1300"C  for  2h 
followed  by  quenching  in  water.  Detailed  explanations 
of  quenching  conditions  have  been  reported  elsewhere 
[11,1 2] . 

Optical  absorption  spectra  were  measured  at  about 
7K  with  a  Fourier  transform  infrared  (FT-IR) 
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spectrometer.  The  spectral  resolution  was  0.25  cm-1. 
Low  pass  filters  with  cut-off  energies  of  0.328,  0.403,  and 
0.670  eV  were  used  in  FT-IR  measurements  to  investi¬ 
gate  the  dependence  of  optical  absorption  peaks  on 
excitation  energy.  Isochronal  annealing  was  carried  out 
for  30  min  at  each  temperature  in  the  range  from  100°C 
to  800°C  at  50°C  intervals. 


3.  Results  and  discussion 

In  addition  to  the  localized  vibrational  modes  of  H  in 
a  PtH2  complex  [5]  at  1873.0  and  1891.8  cm-1  in  an  as- 
quenched  specimen,  we  observed  a  new  optical  absorp¬ 
tion  peak  at  1719.4cm-1  as  shown  in  Fig.  1.  As  for  the 
strongest  peak  observed  at  1880.8  cm-1,  based  on  their 
experiment  on  the  isotope  shift,  Uftring  et  al.  [7]  have 
suggested  that  the  number  of  H  atoms  included  in  the 
complex  is  one,  although  the  detailed  structure  was  not 
shown  in  their  report.  In  our  study,  this  peak  was 
observed  only  in  specimens  doped  with  Pt  and  H.  In  a 
D-doped  specimen,  the  1880.8  cm-1  peak  was  shifted  to 
1358.5  cm-1.  In  a  specimen  co-doped  with  H  and  D,  no 
splitting  of  the  1880.8  (1358. 5)  cm-1  peak  was  observed. 
These  results  indicate  that  the  1880.8  cm-1  peak  is  due 
to  the  localized  vibrational  modes  of  H  and  that  the 
number  of  H  atoms  included  in  the  complex  is  one,  the 
same  conclusion  as  that  of  Uftring  et  al.  [7].  The 
intensity  of  the  1880.8  cm-1  peak  was  higher  than  those 
of  the  1873.0  and  1891.8  cm-1  peaks  which  are  due  to 
the  PtH2  complex.  This  result  means  that  the  complex 
responsible  for  the  1880.8  cm-1  peak  is  formed  more 
easily  than  the  PtH2  complex  during  quenching.  In  the 
as-quenched  specimen,  almost  all  Pt  atoms  exist  not  in 
pairs  or  clusters  but  in  isolated  Pt  or  Pt-H  complexes 
since  the  quenching  speed  is  high  enough  to  quench  Pt 
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Fig.  1.  Optical  absorption  spectra  observed  in  Pt-doped  Si 
(a)  before  and  after  annealing  at  (b)  500°C,  (c)  600°C,  and 
(d)  800°C.  Deconvolutions  of  the  optical  absorption  spectrum 
are  added  to  the  spectrum  observed  after  annealing  at  800°C. 


atoms  [1 1].  Considering  all  these  results,  the  1880.8  cm-1 
peak  is  probably  due  to  the  localized  vibrational  modes 
of  H  in  the  PtH  complex. 

Fig.  1  also  shows  the  annealing  behavior  of  optical 
absorption  peaks  observed  in  this  study.  With  increasing 
annealing  temperature,  the  intensity  of  the  new 
1719.4  cm-1  peak  increases,  in  contrast  with  the  decrease 
in  intensity  of  the  peaks  due  to  the  PtH2  and  PtH 
complexes.  After  annealing  at  above  500°C,  we  observed 
new  peaks  in  the  range  of  1300-1 500  cm-1,  which  were 
not  observed  by  Uftring  et  al.  These  peak  positions 
changed  with  the  annealing  temperature.  After  anneal¬ 
ing  at  800°C,  at  least  four  peaks  were  observed  at  about 
1301,  1318  1452  and  1474cm-1  as  shown  in  Fig.  3. 
These  five  new  peaks  showed  similar  annealing  behavior. 
These  new  peaks  were  also  observed  in  a  specimen 
doped  with  Pt  only  and  did  not  shift  as  a  result  of  D 
doping.  Thus  these  new  peaks  are  not  due  to  the 
localized  vibrational  modes  of  H.  Considering  these 
results,  these  new  peaks  are  probably  due  to  electronic 
transitions  associated  with  defect  centers  including  Pt 
only. 

Next,  we  investigated  the  dependence  of  these  new 
peaks  on  the  cut-off  energy  by  placing  a  low  pass  filter 
between  the  specimen  and  the  light  source  of  FT-IR 
equipment.  The  intensities  of  these  peaks  changed 
depending  on  the  cut-off  energy  of  the  low  pass  filters 
as  shown  in  Fig.  2.  This  result  suggests  that  these  peaks 
are  due  to  the  electronic  transition  of  Pt-related  defects. 
Fig.  2  also  shows  another  interesting  result.  There  is  an 
anticorrelation  between  the  intensity  of  1719.4  cm-1 
peak  and  those  of  the  other  four  peaks  observed  at 
about  1301,  1318,  1452,  and  1474cm-1.  The  intensity  of 
the  1719.4  cm-1  peak  increases  with  decreasing  cut-off 
energy.  In  the  case  of  the  latter  four  peaks,  the  intensities 
decrease  with  decreasing  cut-off  energy.  These  latter  four 
peaks  showed  the  same  dependence  on  excitation 
energy.  Peak  intensities  increased  monotonically  with 
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Fig.  2.  Optical  absorption  spectra  observed  in  Pt-doped  Si  (a) 
without  and  with  low-pass  filters  of  (b)  0.7  eV,  (c)  0.403  eV,  and 
(d)  0.328  eV. 
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excitation  energy  and  were  close  to  those  without  a  low 
pass  filter  when  a  0.670  eV-filter  was  used.  It  is  thus 
indicated  that  the  defect  centers  which  give  rise  to  the 
optical  absorption  at  about  1301,  1318,  1452.  and 
1474cm  1  become  IR-active  centers  by  illumination. 
This  dependence  on  excitation  energy,  i.e.,  monotonic 
dependence  without  any  peaks,  suggests  that  excitation 
occurs  between  a  localized  state  in  the  band  gap  and 
extended  states. 

Considering  the  annealing  behaviors  and  the  depen¬ 
dence  on  excitation  energy  of  these  new  peaks,  are 
probably  due  to  the  same  Pt-related  defect.  The 
1719.4cm-1  peak  intensity  in  p-type  silicon  was  much 
greater  than  that  in  n-type  silicon.  Based  on  these 
results,  these  new  peaks  are  probably  due  to  hole 
transitions.  Detailed  explanations  will  be  shown  else¬ 
where.  To  determine  the  optical  threshold  energy  of  the 
excitation  of  these  defect  centers,  we  analyzed  the  data 
using  Lucovsky’s  model,  which  gives  the  optical  cross 
section  for  electronic  transitions  between  a  localized 
state  and  a  band  [13.14].  In  this  analysis,  we  assumed 
that  the  energy  of  illumination  was  the  cut-ofT  energy  for 
each  low  pass  filter  since  the  highest  energy  had  the 
strongest  effect.  Considering  this,  the  optical  cross 
section  (c)  can  be  written  as 

<7  =  <r„[{4EnUn-En)}/(hv)2?-,  (I) 

where  is  the  optical  threshold  energy  and  hv  is  the 
photon  energy.  Eq.  (2)  is  deduced  from  Eq.  (1), 

Y2/3X2  =  4 E0(X  -  £„),  (2) 

where  Y  =  <x/<7(i,  X  =  hv.  In  this  experiment,  ojo\)  is 
///o,  where  /  and  /<»  are  the  intensities  of  the  optical 
absorption  peak  observed  in  experiments  with  and 
without  a  low-pass  filter.  Fig.  3  shows  the  relation 
between  Y2  y X2  and  X.  They  have  a  linear  relation  and 


Fig.  3.  Fitting  of  the  excitation  spectrum  with  Lucovsky's 
model.  The  closed  circles  (•)  and  the  closed  triangles  (A)  arc 
the  data  of  the  1301  and  1318  cm  1  peaks  and  1452  and 
1474  cm  1  peaks,  respectively. 


we  obtained  an  optical  threshold  energy  of  about 
0.34  eV. 

These  new  defects  are  formed  by  annealing.  This  fact 
shows  that  these  new  centers  are  probably  not  due  to 
isolated  Pt  but  rather  to  Pt  clusters.  According  to  Hohne 
et  al.  [6]  6-Pt  clusters  were  formed  by  subsequent 
annealing  at  540°C  after  indifTusion  of  Pt  at  1200X. 
The  formation  temperature  of  the  new  peaks  observed  in 
this  study  is  close  to  that  of  6-Pt  clusters.  In  this  study, 
Pt  doping  was  performed  at  1300X  where  the  solubility 
of  Pt  in  Si  is  about  10,7cm  \  Pt  atoms  introduced  at 
130CTC  are  supersaturated  during  annealing  at  below 
130CFC  and  therefore  probably  form  clusters  by  anneal¬ 
ing  at  800 X  where  the  diffusion  length  of  Pt  atoms  is  on 
the  order  of  10  6 cm" 3  [15].  After  annealing  at  800  C, 
we  heated  the  specimen  again  at  1000’C  for  1  h  and 
annealed  it  at  800  C  for  30  min.  The  intensities  of  the 
peaks  observed  in  the  region  from  1300  to  1720 cm-1 
decreased  up  to  about  70%  of  those  before.  This 
decrease  of  the  intensity  is  probably  due  to  the 
precipitation  of  Pt  atoms  since  heating  at  1000'C 
precipitates  Pt  atoms  introduced  at  1300  C  and  there¬ 
fore  the  new  peaks  do  not  come  from  the  precipitates  of 
Pt.  Based  on  these  considerations,  the  peaks  observed  in 
the  region  from  1300  to  1720  cm  1  are  probably  due  to 
Pt  clusters. 


4.  Conclusions 

We  observed  a  new  optical  absorption  peak  at 
1719.4  cm  1  in  as-quenched  specimens  in  addition  to 
the  peaks  due  to  the  PtFL  and  the  PtH,  and  new  peaks  in 
the  range  of  1300-1 500 cm  1  after  subsequent  annealing 
at  above  500'C.  The  optical  threshold  energy  of  the 
defects  attributed  to  1300- 1450 cm-1  peaks  was  deter¬ 
mined  to  be  about  0.34  eV  by  applying  Lucovsky’s 
model.  From  the  isotope  shift  by  D-doping,  the 
dependence  on  excitation  energy,  and  the  annealing 
behaviors,  these  peaks  were  found  to  be  due  to  the 
electronic  transition  of  Pt-related  defects  such  as  Pt 
clusters. 
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Abstract 

A  strong  gettering  effect  appears  after  high-energy  Si  self-implantation  and  subsequent  annealing  in  two  zones  at  the 
projected  range  of  the  silicon  ions  (Rp)  and  in  a  region  at  about  Rp/2.  The  defects  responsible  for  the  impurity  gettering 
at  Rp/2  were  studied  by  means  of  positron  annihilation.  It  was  found  that  diffusing  Cu  impurities  were  captured  by 
small  vacancy  agglomerates.  Monoenergetic  positron  beams  with  improved  depth  resolution  were  used  to  characterize 
the  defects.  Excellent  depth  resolution  was  obtained  when  samples  were  wedge-shaped  polished  and  studied  using  the 
Munich  Scanning  Positron  Microscope,  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Self-implantation;  Gettering;  Rpj 2;  Positron  annihilation 


1.  Introduction 

Impurity  gettering  in  silicon  is  a  major  problem  in 
semiconductor  device  fabrication  particularly  when  the 
dimensions  of  the  components  shrink.  After  high-energy 
self-implantation  and  subsequent  annealing,  two  getter 
zones  were  found  by  SIMS  measurements  after  inten¬ 
tional  impurity  contamination  [1.2].  The  deeper  zone  is 
located  at  Rp  (projected  range  of  implanted  Si  ions).  A 
network  of  interstitial-type  dislocation  loops  are  re¬ 
sponsible  for  the  gettering  effect  at  Rp  (found  by  TEM). 
A  second  pronounced  getter  zone  is  observed  in  the  RP/2 
region  (between  surface  and  Rp).  No  extended  defects  were 
found  in  this  zone  by  TEM.  A  controversial  discussion 
about  the  nature  of  this  defects  have  recently  be  overcome, 
and  it  is  now  widely  accepted  that  open-volume  defects  are 
responsible  for  the  gettering  effect  at  Rp/ 2. 
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Positron  annihilation  spectroscopy  is  a  unique  tool  to 
study  open-volume  defects  in  semiconductors  [3], 
Especially  the  technique  variable  energy  positron 
annihilation  spectroscopy  (VEPAS)  seems  to  be  promis¬ 
ing  for  the  study  of  Rp/2.  Here,  the  penetration  depth  of 
positrons  and  thus  the  information  depth  of  the  method 
can  be  controlled  by  the  acceleration  voltage  of  a 
monoenergetic  positron  beam.  However,  at  higher 
positron  energies  (>10keV)  the  penetration  profile 
becomes  rather  broad,  so  that  buried  defect  layers  in  a 
depth  of  several  microns  can  hardly  be  studied.  Thus,  an 
improvement  of  the  depth  resolution  is  necessary  in 
order  to  treat  the  Rp/2  effect  by  positrons.  In  an  earlier 
study  [4],  we  removed  the  sample  surface  layer  by  layer 
by  ion  sputtering  in  order  to  obtain  the  optimum  depth 
resolution  for  the  VEPAS  experiment.  In  this  paper  we 
present  for  the  first  time  the  use  of  a  positron 
microscope  for  defect  depth  profiling. 

2.  Experimental  details 

Cz-silicon  wafers  were  implanted  by  3.5  MeV  Si  ' 
(dose:  5xlOl:'cm  2).  One  sample  was  co-implanted 
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Fig.  1.  VEPAS  measurement  of  high-energy  implanted  and 
annealed  Si  after  Cu  contamination.  Upper  panel:  results  of 
doppler-broadening  measurements  at  positron  energy  of 
7.5  keV  during  stepwise  sputtering  of  the  sample.  The  depth 
(abscissa)  was  obtained  by  adding  the  mean  implantation  depth 
of  the  positrons  (360  nm)  to  the  etching  depth.  The  S  and  W 
parameter  were  normalized  to  the  bulk  values.  The  lower  panel 
shows  the  Cu  depth  profile  obtained  by  SIMS. 


with  4MeV  P+  and  a  dose  of  1  x  10l5cm-2  (sample  in 
Fig.  1).  For  all  samples,  a  rapid-thermal  annealing 
(RTA)  step  (30  s  at  900°C)  was  performed  after 
implantation,  followed  by  a  Cu  contamination  of  the 
sample  (Cu  +  implantation  into  the  backside  of  the 
sample,  20keV,  1  x  1013  Cu+  cm-2).  A  further  annealing 
step  under  Ar  atmosphere  (3  min  at  700°C)  was 
performed  to  realize  the  Cu  diffusion.  The  VEPAS 
experiments  presented  in  Figs.  1  and  2  were  performed 
using  a  magnetically  guided  continuous  positron  beam 
system  (for  experimental  details  see  Ref.  [4]).  The 
stepwise  removal  of  the  sample  in  Fig.  1  was  realized 
by  Ar+  sputtering  (2kV,  10~6mbar,  40  pA,  30  min,  60°, 
etching  rate  3.4nm/min).  Special  attention  was  paid  to 
ensure  that  the  defects  created  during  sputtering  in  a 
thin  surface  layer  are  not  affecting  the  defect  detection  in 
the  sample  region  under  observation.  This  was  proved  in 
a  reference  Si  sample  which  did  not  show  any  positron 
traps  after  a  removal  of  200  nm  by  sputtering.  The 
surface  of  the  sample  in  Fig.  3  was  polished  in  a  wedge 
shape  with  a  flat  angle  of  0.81°.  This  wedge  was  studied 
with  the  Munich  Scanning  Positron  Microscope  [5]  with 
a  constant  positron  incident  energy  of  8  keV,  a  lateral 
resolution  of  about  10  pm,  and  a  time  resolution  of  the 
positron  lifetime  measurement  of  about  250  ps.  In  order 
to  obtain  the  defect  depth  scan,  the  positron  lifetime 
spectrum  was  measured  at  45  points  each  separated  by 


Fig.  2.  Doppler  broadening  VEPAS  measurement  of  self- 
implanted  Si  (3.5  MeV,  5  x  1015cm-2,  annealed  30  s  at  900°C). 
A  set  of  samples  was  additionally  implanted  by  Si+  ions  into 
the  Rp/2  region  with  increasing  dose  (indicated  in  the  figure). 
Thereafter,  the  samples  were  chemically  etched  by  1.2  pm  in 
order  to  obtain  maximum  sensitivity  in  the  Rp/ 2  range  with  a 
conventional  slow-positron  beam. 
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Fig.  3.  Defect  depth  profile  of  a  self-implanted  Si  sample 
(3. 5  MeV,  5  x  1015cm~2,  annealed  30  s  at  900°C,  Cu  contami¬ 
nated)  using  the  Munich  Scanning  Positron  Microscope.  The 
sdmple  surface  was  wedge-shaped  polished.  The  profile  was 
then  taken  as  a  line  scan  along  the  wedge  with  constant  positron 
energy  of  8  keV.  Each  positron  lifetime  measurement  is 
separated  by  1 1  pm  corresponding  to  a  depth  difference  of 
155  nm.  The  depth  scale  was  calculated  according  to  the  wedge 
angle  of  0.81°,  and  the  mean  positron  implantation  depth  of 
400  nm  was  added. 
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about  1 1  jim  along  the  wedge.  Thus,  the  depth  difference 
between  the  individual  measurements  corresponds  to 
about  155nm  which  is  distinctly  smaller  than  the  mean 
positron  penetration  depth  at  8keV.  This  is  in  silicon 
about  400  nm  which  gives  therefore  the  depth  resolution 
of  the  experiment.  In  contrast  to  conventional  VEPAS, 
this  resolution  is  constant  for  the  whole  depth  range. 
The  incident  energy  cannot  be  decreased  in  order  to 
obtain  a  better  depth  resolution  because  the  fraction  of 
positrons  which  diffuse  back  to  the  surface  would 
become  too  large. 


3.  Results  and  discussion 

Fig.  1  shows  the  results  of  the  defect  depth  scan  after 
implantation,  annealing,  and  Cu  contamination  [4].  The 
lower  panel  shows  the  Cu  profile  obtained  by  a  SIMS 
depth  scan.  The  gettering  zones  at  Rp/2  and  Rp  are  well 
visible.  The  upper  panel  presents  the  result  of  the 
VEPAS  doppler-broadening  measurement.  The  depth 
scan  was  obtained  by  successively  sputtering  the  sample 
surface.  The  S  parameter  shows  two  pronounced  peaks 
at  Rp/2  and  Rp.  clearly  indicating  the  presence  of  open- 
volume  defects  in  both  regions.  In  the  Rp  region,  the  W 
parameter  is  smaller  than  This  is  the  expected 

behavior  in  case  of  positron  trapping  by  vacancy-type 
defects.  However,  in  the  Rp/2  region,  in  addition  to  the 
S  parameter,  also  the  W  parameter  increases  distinctly 
above  the  bulk  value.  This  finding  can  only  be  under¬ 
stood  when  assuming  that  the  open-volume  defect  is  not 
entirely  surrounded  by  silicon.  Thus,  it  must  be 
concluded  that  Cu  atoms  are  built  in  the  boundary  of 
the  vacancy-type  defect  in  the  Rp/2  region.  On  the  other 
hand,  this  is  not  observed  in  the  Rp  region,  where  the 
gettering  centers  are  obviously  different  from  the 
positron  trapping  centers.  From  this  results,  additional 
Doppler-broadening  coincidence  measurements,  and  a 
study  using  the  Munich  Slow-positron  Lifetime  Beam  it 
was  concluded  that  small  vacancy  clusters  capture  the 
diffusing  impurities  at  Rv/2  and  divacancy-type  defects 
probably  bound  to  the  interstitial-type  dislocation  loops 
are  detected  at  Rp  [4], 

The  first  conclusion  is  supported  by  the  following 
experiment:  a  set  of  high-energy  self-implanted  Si 
samples  (3.5MeV,  5xl0,5cm  2,  annealed  30s  at 
900"C)  was  additionally  implanted  by  Si f  ions  with 
increasing  dose  into  the  Rp/2  region  (energy  was  chosen 
to  have  the  projected  range  of  the  post-implanted  Si  * 
ions  in  the  Rpj 2  region  of  the  high-energy  implantation). 
The  samples  were  then  chemically  etched  by  1 .2  pm  in 
order  to  use  a  conventional  slow-positron  beam  to  study 
the  R?/2  region  (Fig.  2).  The  upper  curve  (no  post¬ 
implantation)  exhibits  a  distinct  increase  compared  to 
the  defect-free  reference  sample  due  to  positron  trapping 
by  vacancy  agglomerates.  The  additional  implantation 


with  a  dose  of  2  x  10l4cm  2  distinctly  decreases  the 
effect.  Obviously,  open-volume  defects  formed  during 
high-energy  self-implantation  are  partly  filled  by  the 
implanted  excess  Si  interstitials  of  the  post-implantation. 
However,  with  increasing  dose,  the  S  parameter 
increases  again  due  to  the  increasing  umber  of  open- 
volume  defects  created  by  the  additional  implantation. 

The  improvement  of  the  depth  resolution  by  stepwise 
ion  sputtering  of  the  sample  makes  it  possible  to  show 
the  defect  profiles  in  a  larger  depth,  e.g.  at  Rp.  However, 
the  experiment  needs  a  long  time  (several  days).  More¬ 
over,  the  sputtering  is  not  completely  homogeneous. 
Thus,  after  long-term  etching  the  surface  is  not  smooth 
any  more.  Another  problem  appears  in  a  compound 
semiconductor  due  to  selective  sputtering.  These  draw¬ 
backs  can  be  avoided  by  using  a  focused  positron  beam 
and  a  wedge-shaped  sample.  Fig.  3  shows  the  first  result 
of  this  type  of  defect  depth  profiling.  We  used  the 
Munich  Scanning  Positron  Microscope  to  measure  the 
defect  profile  in  a  high-energy  self-implanted  Si  sample 
(3.5MeV,  5  x  10,5cm"%  annealed  30s  at  900'C,  Cu 
contaminated).  A  wedge  of  0.8  V  was  prepared  by  a 
polishing  technique,  which  is  used  for  spreading 
resistance  measurements.  In  a  reference  experiment 
using  a  Si  sample  in  as-grown  state  it  was  shown  that 
the  grinding  defects  only  alter  the  surface  annihilation 
parameters,  but  do  not  penetrate  more  than  lOOnm  into 
the  sample. 

The  high  quality  of  the  obtained  defect  profile  is 
obvious.  Both  defect  zones  which  were  found  in  Fig.  1 
can  also  be  seen.  In  the  Rp/2  region,  the  defect-related 
lifetime  is  450  ps  thus  indicating  the  existence  of  small 
vacancy  clusters  ( n  ^  10).  The  cluster  density  increases  to 
a  depth  of  1.8  pm.  Around  a  depth  of  2  pm.  the  cluster 
signal  disappears,  and  a  defect  becomes  detectable  with 
an  open  volume  comparable  to  a  di vacancy  (i:  ^330  ps). 
The  fraction  of  trapped  positrons  is  rather  high.  Since 
excess  divacancies  anneal  below  370'C  [6],  the  observed 
defects  must  be  stabilized  or  being  part  of  the  disloca¬ 
tion  loops  present  in  this  region.  The  positron  life¬ 
time  of  the  bulk  region  (>3pm)  is  about  270 ps  and 
thus  distinctly  larger  than  the  lifetime  of  defect-free 
Si  (218  ps).  Due  to  the  lack  of  defects,  a  distinct  frac¬ 
tion  of  positrons  (about  30%)  diffuse  back  to  the 
surface  annihilating  there  at  the  surface  or  in  the  thin 
defect-rich  surface  layer  remaining  after  mechanical 
polishing.  However,  in  the  Rp  and  Rp/2  region,  the 
positron  diffusion  length  is  expected  to  be  smaller  than 
lOOnm,  so  that  the  influence  of  the  surface  can  be 
neglected. 

4.  Conclusions 

It  can  be  concluded  that  the  two  methods  of  depth- 
resolution  enhanced  VEPAS  enabled  us  to  identify 
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different  vacancy-type  defects  in  high-energy  self-im¬ 
planted  Si.  In  the  Rp/2  region  point  defect  clusters 
containing  vacancy-type  defects  were  undoubtedly 
found.  Diffusing  copper  atoms  are  trapped  there  and 
are  clearly  detected  by  positrons  to  be  in  the  direct 
surrounding  of  the  annihilation  site. 
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Abstract 


First  direct  evidence  is  given  on  the  formation  of  dislocations  in  room-temperature  nanoindentation  experiments  of 
gallium  arsenide  wafers.  The  formation  of  dislocation  loops,  which  have  been  examined  by  transmission  electron 
microscopy,  can  be  related  to  the  pop-in  effect  found  in  depth-sensitive  hardness  measurements.  In  the  case  of  silicon, 
no  dislocations  are  found.  Instead,  different  high-pressures  phases  could  be  identified  by  Raman  microscopy,  f:  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  plastic  deformation  of  semiconductors  in  the  low 
temperature/high  stress  region  is  of  particular  interest 
due  to  the  anticipated  change  in  the  dislocation  motion. 
It  is  well  accepted  that  dislocations  are  dissociated  in  the 
glide  set  and  move  via  the  thermal  activation  and 
migration  of  double  kinks  in  a  medium  range  of 
temperature  and  stress  [1].  However,  the  calculation  of 
Duesbery  and  Joos  [2]  demonstrated  for  silicon  that  the 
motion  of  perfect  dislocations  in  the  shuffle  set  has  a 
lower  activation  energy  at  high  stresses.  The  transition 
from  the  motion  of  dissociated  glide  set  dislocations  to 
the  predominance  of  undissociated  shuffle  set  disloca¬ 
tions  is  expected  at  a  stress  of  about  0.0 1 G  {G  shear 
modulus).  It  is  difficult  to  extend  the  deformation 
experiments  to  the  range  of  high  stresses  and  low 
temperatures.  One  approach  is  the  uniaxial  compression 
under  confining  pressure.  In  the  case  of  silicon,  it  has  not 
been  possible  to  go  to  deformation  temperatures  lower 
than  550  K,  even  with  a  confining  pressure  of  1.5  GPa 
[3].  The  other  difficulty  is  that  existing  glide  set 
dislocations  formed  in  a  pre-deformation  stage  may 
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prevent  the  transition  to  a  deformation  mode  which  is 
fully  controlled  by  shuffle  set  dislocations. 

The  second  approach  to  high-stress  deformation  is  the 
use  of  a  diamond  indenter.  Because  of  its  simplicity, 
nanoindentation  is  a  very  popular  but  still  badly 
understood  method  for  the  study  of  local  mechanical 
properties.  In  depth-sensitive  hardness  measurements,  a 
sudden  jump  in  the  displacement  may  occur  at  a  certain 
load.  This  finding  is  referred  to  as  the  pop-in  effect.  In 
this  paper,  we  report  on  nanoindentation  experiments 
and  the  investigation  of  the  defect  structure  produced  by 
the  local  deformation  in  GaAs  and  Si  wafers. 


2.  Experimental  details 

The  MTS  Corp.  Nanoindenter  II  w'as  used  for  depth- 
sensitive  hardness  measurements.  As  measured  by 
atomic  force  microscopy,  the  tip  of  the  Vickers  indenter 
used  can  be  regarded  as  a  sphere  with  a  tip  radius  of 
about  1  pm.  We  investigated  the  force  versus  displace¬ 
ment  curves  during  the  penetration  of  the  diamond  tip  in 
polished  (0  0  1)  and  (111)  surfaces  of  undoped  liquid 
encapsulated  Czochralski-grown  GaAs  wafers  (supplied 
by  Freiberger  Compound  Materials).  Additionally,  float 
zone  (0  0  1)  silicon  wafers  (Wacker)  were  studied.  In 
order  to  investigate  the  defect  structure  at  the  indenta¬ 
tions,  the  samples  were  indented  at  room  temperature  in 
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Fig.  1.  Force  versus  penetration  depth  for  a  nanoindentation 
experiment  on  a  polished  (0  0  l)-oriented  GaAs  wafer.  The 
discontinuity  in  the  curve  at  the  force  of  about  45  mN  is 
referred  to  as  the  pop-in  effect.  The  upper  branch  corresponds 
to  the  loading,  the  lower  one  to  the  unloading  of  the  diamond 
tip.  The  lines  are  to  guide  the  eye. 


an  array  of  40  x  30  identical  indents.  The  extension  of 
the  whole  array  was  780  x  580  pm2.  A  maximum  load  of 
0.550  mN  has  been  chosen,  because  this  value  is  close  to 
the  critical  force  of  the  pop-in  effect  occurring  at  45  mN 
(Fig.  1).  In  this  way,  the  state  immediately  after  the  pop- 
in  could  be  examined  microscopically  for  several 
indentations.  The  loading  rate  was  0.055  mN/s,  the 
unloading  rate  0.400  mN/s.  After  indentation,  the 
samples  were  prepared  by  backside  grinding,  polishing, 
and  argon  ion  milling  for  investigations  by  transmission 
electron  microscopy  (TEM).  The  TEM  examination  was 
carried  out  using  bright-held  diffraction  contrast  in  a 
JEM  1000  microscope  operating  at  1  MV. 

Raman  measurements  were  carried  out  on  impres¬ 
sions  with  an  indenter  load  of  up  to  1  N  using  a  Dilor 
LabRam  Raman  microscope.  The  632.8  nm  line  of  a 
He-Ne  laser  with  a  power  of  25  mW  was  used  for 
Raman  scattering. 


3.  Results  and  discussion 

3.1.  Gallium  arsenide 

The  examination  of  the  indentations  by  TEM  shows 
fourfold  dislocation  rosettes  for  (0  01)  and  threefold 
rosettes  for  (1  1  1)  GaAs  wafers.  The  dislocations  have 
an  extent  of  up  to  200  nm  from  the  indentation  center 
(Fig.  2).  Individual  dislocation  loops  outside  the  tangled 
rosettes  may  appear  up  to  a  distance  of  350  nm.  The 
geometry  of  the  dislocation  slip  corresponds  to  the 
{ 1  1  1 }  <  1  T  0 )  glide  prism  model  derived  for  the 
dislocation  patterns  around  Vickers  microindentations 
produced  with  higher  loads  [4,5].  However,  in  contrast 
to  the  more  extended  rosettes  at  such  indentations,  no 


(b) 


500  nm 


Fig.  2.  Plan  view  TEM  bright-held  images  of  the  dislocation 
rosettes  at  nanoindentations  in  (0  01)  GaAs  (a)  and  (111) 
GaAs  (b).  The  diffraction  vector  g  is  2  2  0. 


anisotropy  due  to  different  glide  velocities  of  a  and  /? 
dislocations  appeared  in  our  nanoindentation  experi¬ 
ment.  This  may  be  due  to  the  fact  that  the  usual 
expression  of  thermally  activated  dislocation  glide 
velocity  [1], 

v  =  St"' exp  ( —  P— 

V  V 

(B  constant,  r  resolved  shear  stress,  m  stress  exponent,  U 
activation  energy,  k b  Boltzmann  constant,  T  tempera¬ 
ture)  cannot  account  for  the  extension  of  the  loops  in  the 
high-stress  regime. 

Only  perfect  dislocation  loops  with  Burgers  vectors 
b  =  ^<l  10)  could  be  identified  in  the  TEM  images 
according  to  the  g  ■  b  =  0  extinction  rule  (g  diffraction 
vector).  No  partial  dislocations  and  stacking  faults  are 
recognized.  TEM  tilting  experiments  have  shown  that  all 
loops  have  the  Burgers  vectors  inclined  to  the  surface. 
There  is  no  indication  of  the  formation  of  cracks  or 
other  phases,  so  the  local  deformation  seems  to  proceed 
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exclusively  by  the  formation  and  propagation  of 
dislocations. 

The  dislocation  rosettes  at  nanoindentations  investi¬ 
gated  by  TEM  represent  the  state  after  the  following 
processes:  (i)  generation  of  embryonic  dislocation  loops 
giving  rise  to  the  pop-in  effect,  (ii)  further  plastic 
deformation  via  coalescence  and  expansion  of  these 
loops  during  or  immediately  after  the  pop-in,  (iii) 
relaxation  and  stabilization  of  the  dislocation  structure 
upon  unloading.  The  generation  of  loops  can  be 
understood  as  homogeneous  dislocation  nucleation. 
The  elastic  self-energy  of  a  dislocation  loop  with  the 
magnitude  of  the  Burgers  vector  h  and  the  radius  r  is 
given  by  [6] 


Gbh-2 
4  1 


where  v  is  Poisson’s  ratio  and  r(l  the  cutoff  radius  at  the 
dislocation  core.  The  strain  energy  released  by  the 
formation  of  the  loop  under  the  action  of  the  resolved 
shear  stress  x  is 


5  x  104  loops  must  have  been  formed.  A  higher  number 
of  1.3  x  106  loops  is  obtained  when  the  total  dissipation 
energy,  as  the  area  between  the  loading  and  the 
unloading  curves  (Fig.  1),  is  related  to  £c(/'c).  Such  an 
estimation  provides  the  upper  limit  of  the  number  of 
loops  with  a  critical  size  in  the  nascent  state,  when  it  is 
assumed  that  the  whole  energy  input  by  the  indentation 
is  transferred  into  the  formation  of  dislocations.  The 
number  of  extended  loops  found  in  the  TEM  images  at 
one  indentation  site  is  not  higher  than  100.  Eq.  (1) 
represents  the  upper  limit  of  the  shear  stress  at  0  K.  At 
higher  temperatures,  the  thermal  contribution  lowers  the 
shear  stress  and  the  critical  radius  becomes  higher.  After 
their  formation,  the  embryonic  loops  grow  further  and 
coalesce  under  the  action  of  the  applied  load.  The 
unloading  may  give  rise  to  a  small  relaxation  of  the 
dislocation  structure,  but  the  residual  strain  of  the 
indent  finally  stabilizes  the  dislocation  rosette  pattern. 


3.2.  Silicon 


ET  =  -xbnr. 


Maximizing  the  total  energy  Ec  +  £:  provides  the 
critical  radius  rc  and  the  maximum  free  energy  £c  of 
the  loop  formed.  For  0  K  (£c  =  0),  the  critical  stress  of 
dislocation  nucleation  is  obtained  as 


Gb  2  —  v 
ne}i\)  1  -  v* 


0) 


where  e  is  the  Euler  number.  With  typical  values  of  r()  = 
bj 3  and  v  =  0.312  for  GaAs.  we  get  rc»0.7  nm  and 
xc  %G/9  —  6  GPa. 

During  depth-sensitive  hardness  measurements,  the 
diamond  indenter  sphere  is  driven  into  the  sample  under 
continuous  monitoring  of  load  and  penetration  depth. 
In  the  indentation  experiment,  the  maximum  shear  stress 
it  (Tresca  stress)  is  directly  proportional  to  the  mean 
contact  pressure  pm.  It  can  be  expressed  with  the 
effective  Young’s  modulus  E  by  the  indenter  radius 
and  the  penetration  depth  /?,  as  it  follows  from  the 
Hertzian  contact  theory  of  a  hard  sphere  [7], 

tt  =  0.465/>m  =  0.1 97£ 


Depending  on  the  actual  values  of  the  penetration  depth 
and  the  indenter  radius  R ,  the  Tresca  stress  can  be  as 
high  as  10  GPa.  According  to  the  calculations  of 
dislocation  theory  given  above,  this  amout  of  stress  is 
sufficient  for  homogeneous  dislocation  nucleation  in 
GaAs. 

The  number  of  loops  formed  can  be  estimated  from 
the  work  done  during  the  pop-in  (critical  force  times  the 
displacement).  From  the  shaded  area  in  Fig.  1,  this  work 
is  obtained  as  1.7  x  10“ 12  Nm.  If  this  work  is  related  to 
the  energy  of  a  critical-sized  loop  Ec(rc),  we  obtain  that 


The  substructure  around  indentations  in  Si  is  com¬ 
pletely  different  to  that  of  GaAs.  Despite  the  fact  that  a 
pop-in  effect  also  occurs,  no  dislocations  could  be  found. 
Only  a  high  number  of  small  cracks,  which  also  appear 
at  the  surface  (see  the  inset  of  Fig.  3),  could  be  identified. 
The  indentation  stress  is  high  enough  to  cause  phase 
transitions  in  Si,  which  have  been  extensively  studied  by 
Kailer  et  al.  [8].  In  contrast  to  GaAs.  the  critical  shear 
stress  rc  for  the  generation  of  dislocations  in  silicon  is 
higher  than  that  for  the  inset  of  phase  transitions.  The 
actual  phases  formed  depend  strongly  on  the  indenta¬ 
tion  conditions,  such  as  dwell  time,  loading,  and 
unloading  rate.  Larger  Vickers  indentations  produced 
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Fig.  3.  Room  temperature  Raman  spectra  taken  in  the 
deformed  region  of  a  microindentation  in  silicon.  The  bands 
at  521  cm"1  are  due  to  silicon  with  diamond  structure  (Si-I). 
hexagonal  nanocrystallinc  Si  (Si-I V).  and  amorphous  Si  (a-Si) 
[8],  The  inset  shows  a  secondary  electron  image  of  an 
indendation  taken  in  a  scanning  electron  microscope. 
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with  higher  loads  extend  to  several  micrometers.  They 
have  been  examined  by  Raman  microscopy.  The  result  is 
shown  in  Fig.  3.  The  spectra  taken  in  different  positions 
of  the  indent  distinctly  differ.  In  the  case  of  fast 
unloading  (Fig.  3),  bands  due  to  amorphous  and 
hexagonal  Si  could  be  indentified  in  addition  to  the 
low  pressure  diamond  structure. 

4.  Conclusions 

In  the  case  of  silicon,  different  high-pressures  phases 
could  be  identified  by  Raman  microscopy.  The  occur¬ 
rence  of  the  different  phases  strongly  depends  on  the 
indentation  load  and  the  loading/unloading  rate.  In 
contrast  to  Si,  there  are  no  indications  of  phase 
transitions  in  the  case  of  GaAs.  Instead,  the  pop-in 
effect  in  GaAs  can  be  related  to  the  formation  of 
dislocation  loops.  First  direct  evidence  by  transmission 
electron  microscopy  is  given  on  the  formation  of 
dislocations  in  room-temperature  nanoindentation  ex¬ 
periments  of  gallium  arsenide.  The  number  of  loops 
generated  have  been  estimated  from  energetical  con¬ 
siderations  and  compared  to  the  number  found  in  TEM. 
Only  perfect  dislocation  loops  could  be  identified  in  the 
TEM  images.  These  results  are  in  agreement  with  the 


motion  of  non-dissociated  shuffle-set  dislocations,  which 
are  supposed  to  occur  in  the  low  temperature/high  stress 
deformation  regime. 
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Abstract 

The  mechanical  strength  of  nitrogen-doped  Czochralski  silicon  (NCZ-Si)  and  conventional  Czochralski  silicon  (CZ- 
Si)  have  been  investigated  by  three-point  bending  method  at  room  temperature.  It  was  found  that 
the  mechanical  strength  of  silicon  had  been  increased  markedly  at  room  temperature  due  to  the  doping  of  nitrogen. 
The  effects  of  the  surface  condition  and  the  orientation  of  silicon  crystal  on  mechanical  strength  were  determined.  The 
mechanism  of  the  mechanical  strength  increased  by  nitrogen  in  silicon  is  also  discussed,  (f:  2001  Elsevier  Science  B.V. 
All  rights  reserved. 
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1.  Introduction 

With  the  development  of  the  large-scale  integrated 
circuit  (IC)  and  the  increasing  of  the  silicon  wafer's 
diameter,  it  is  important  to  improve  the  mechanical 
strength  of  silicon  material  and  to  diminish  the  warpage 
of  silicon  wafers.  Moreover,  the  mechanical  properties 
of  silicon  at  room  temperature  often  dictate  funda¬ 
mental  limits  on  the  fabrication  and  packaging  of 
modern  semiconductor  devices,  but  less  research  was 
done  [1-4]. 

However,  the  plasticity  of  silicon  crystal  has  been 
extensively  studied.  Except  for  the  intrinsic  property,  the 
surface  condition  of  samples  and  the  doped  impurities 
were  the  important  factors  that  influenced  the  strength 
of  silicon.  Sumino  et  al.  [5]  found  that  damage  on  the 
surface  had  great  effect  on  silicon’s  mechanical  strength 
at  high  temperatures.  Impurities  also  have  great  effect 
on  the  mechanical  strength  of  silicon  at  high  tempera¬ 
ture  [6-11].  It  was  reported  that  the  interstitial  oxygen 
enhanced  the  tensile  stress  and  pinned  efficiently  the 
movement  of  dislocations  [6-8].  However,  the  pinning 
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effect  of  nitrogen  on  the  mechanical  property  of  silicon 
was  much  stronger  than  that  of  oxygen  at  high 
temperatures  [9-11].  Moreover,  the  study  of  the 
mechanical  property  of  silicon  at  room  temperature  is 
relatively  scarcer.  Chen  et  al.  found  by  fracture 
that  the  different  orientations  of  single  crystal  silicon 
had  different  mechanical  strengths  [1].  It  was  suggested 
that  the  fracture  path  depended  not  only  on  the 
level  of  resistance  but  also  on  the  change  of  fracture 
energy  with  orientation  [1,2].  Besides  the  intrinsic 
anisotropy  mentioned  above,  the  different  extrinsic 
strength-limiting  flaws  and  strength  distributions 
would  be  operative  depending  on  the  manner  in  which 
a  silicon  component  was  stressed  [2,3].  Also  there  is  a 
theoretical  computation  that  impurities  would  influence 
the  fracture  and  ideal  tensile  strength  of  silicon  crystal 
[12,13].  However,  the  influence  of  impurities  on  frac¬ 
ture  process  and  fracture  strength  w?as  seldom  given 
attention. 

In  this  paper,  we  measured  the  mechanical 
strength  of  CZ  silicon  and  NCZ  silicon  by  means 
of  three-point  bending  at  room  temperature.  The 
effects  of  surface  condition  and  the  orientation  of 
samples  on  the  mechanical  strength  w'ere  detected.  The 
influence  of  nitrogen  in  silicon  crystal  wras  also 
discussed. 
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2.  Experiment 

Three  inch,  40  Q  cm  CZ  silicon  wafers  with  (111) 
orientation  were  used  in  our  experiments.  NCZ-Si  and 
CZ-Si  were  grown  under  almost  the  same  conditions, 
except  for  the  protection  atmosphere.  The  concentration 
of  impurities  was  measured  at  room  temperature  by  a 
Nicolet  Impact410  Fourier  transmission  Infrared  Spec¬ 
troscope  (FTIR)  as  shown  in  Table  1. 

The  wafers  with  the  orientation  of  <(111)  and 
<(110)  were  cut  into  bars  with  the  dimension  of 
25x5x5mm3.  Then  the  bars  were  divided  into  five 
groups.  There  were  about  four  or  five  specimens  in  each 
group.  In  order  to  compare  the  influence  of  flaws  on  the 
surface  of  samples,  two  steps  of  pretreatment  mechan¬ 
ical  grinding  were  carried  out.  Groups  1  and  2  were  only 
ground  with  A1203.  Groups  3-5  were  mechanically 
polished  by  diamond  grinding  creams  after  A1203 
grinding.  All  the  groups  after  mechanical  grinding  and 
polishing  were  etched  about  5  min  in  HF:  HN03=  1 : 3 
(volume)  etchant  to  remove  surface  damage.  Finally,  the 
mechanical  strength  of  the  samples  was  measured  by 
three-point  bending  technique  with  a  DKZ-5000  dyna- 
moelectric  bending  machine  at  room  temperature.  The 
sample  surface  loaded  forces  were  <(111)  and  <1  10), 
respectively.  According  to  the  maximum  compressive 
stress,  the  fracture  strength  is  given  by  the  following 
formula: 

_  3  PL 
a  ~  imp' 

where  a  is  the  maximum  compressive  stress  of  bars,  P  is 
the  loaded  force.  B ,  H  and  L  (L  —  20  mm)  are  the  width, 
height  and  length  of  pressing-groove,  respectively. 

3.  Results  and  discussion 

The  fracture  strength  of  CZ  and  NCZ  silicon  samples 
with  different  orientations  are  given  in  Table  2.  It  can  be 
seen  from  Table  2  that  for  both  CZ  and  NCZ  silicon,  the 
polishing  pretreatment  increased  the  fracture  strength  a 
in  comparison  with  only  the  grinding  pretreatment.  The 
fracture  strength  of  NCZ  silicon  with  <(111)  orienta¬ 
tion  was  higher  than  that  of  CZ  silicon  after  both 
grinding  and  polishing  pretreatment.  Furthermore, 
the  fracture  strength  of  the  CZ  silicon  with 
<110)  orientation  was  higher  than  that  with  <111) 
orientation. 


It  was  found  in  our  experiment  that  the  initial  crack 
appeared  in  the  central  position  of  the  back  surface  of 
samples  where  the  highest  tensile  stress  was  produced. 
Figs.  1(a)  and  (b)  show  the  scanning  electronic  micro¬ 
scopy  (SEM)  photo  of  the  fractal  surface  of  a  silicon 
sample  with  <111)  orientation  and  its  illustration.  The 
SEM  photo  indicated  that  the  fractal  surface  had  three 
parts.  The  angles  between  each  part  were  120°  and  70°, 
respectively.  The  part  1  was  the  initial  crack  part  and 
was  parallel  to  the  {1  1  2}  plane.  The  parts  2  and  3  were 
considered  as  the  {1  1 1}  planes. 

It  is  well  known  that  single  crystal  silicon  is  a  brittle 
material.  Its  fracture  process  belongs  to  the  cleavage 
fracture.  The  {111}  plane  with  the  maximum  atom 
density  and  the  highest  Young’s  modulus  is  the  weakest 
one  in  which  fracture  is  easy  to  generate.  Tsai  and 
Mecholsky  [14]  suggested  that  the  fracture  planes  of 
{110}  with  the  {110}  and  {100}  tensile  surface  both 
initiated  on  the  {110}  plane  and  had  the  tendency  to 
deviate  to  the  {111}  plane.  In  one  word,  the  crack 
generated  on  the  original  loading  plane  and  then 
deviated  from  that  plane  to  the  {1  1 1}  plane.  Hereafter, 
in  our  experiment,  the  initial  crack  plane  was  in  the 
center  of  the  backside  surface  where  the  highest  tensile 
stress  was  produced.  From  Figs.  1(a)  and  (b),  it  is  easy 
to  get  that  the  initial  crack  path  was  the  {11  2}  plane. 
However,  the  weakest  plane  is  the  {111}  plane  in  silicon 
crystal.  Therefore,  with  the  crack  path  developing,  the 
crack  path  kinked  to  the  {1  1  1}  plane.  Both  NCZ-Si  and 
CZ-Si  showed  the  same  fracture  characteristics.  It 
indicates  that  NCZ-Si  has  the  same  mechanism  of 
fracture  as  CZ-Si. 

Comparing  the  mechanical  strength  between  the 
Groups  1  and  3,  and  Groups  2  and  4,  respectively 
(Table  2),  we  found  that  the  mechanical  strength  of 
smooth  surface  samples  with  little  defects  (polishing 
pretreatment)  was  higher  than  rough-surface  ones 
(grinding  pretreatment).  It  was  the  same  for  both  CZ- 
Si  and  NCZ-Si.  It  is  known  that  there  are  three 
parameters  that  have  the  relation  to  mechanical 
strength,  according  to  the  Griffith  formula,  as  follows: 


V  tic 


where  E  is  the  Young’s  modulus,  y  the  surface  energy, 
and  c  the  crack  length.  Generally  speaking,  Young’s 
modulus  is  invariable  for  the  same  material  in  the  same 
orientation.  The  surface  energy  is  related  to  the 


Table  1 

Concentration  of  impurities  in  CZ  and  NCZ  silicon  samples 

C  ( 1 0 1 5  atom/cm3)  O  ( 1 0 1 8  atom/cm3)  N  ( 1 0 1 5  atom/cm3) 

CZ-Si  2.6  1.6  — 

NCZ-Si  1.0  1.8  1.0 
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Table  2 

Data  of  fracture  strength  at  room  temperature 


Group 

Prc-trcatmcnt 

Loading  orientation 

6  (N/mnr) 

1  (CZ) 

Grinding 

<111) 

186.5 

2  (NCZ) 

Grinding 

<1  I  1) 

264.9 

3  (CZ) 

Polishing 

<1  1  1) 

204.5 

4  (NCZ) 

Polishing 

<111) 

286.9 

5  (CZ) 

Polishing 

<Ho> 

254.9 

Fig.  1.  The  SEM  photo  (a)  of  the  fractal  surface  of  a  silicon 


arrangement  of  atoms.  For  the  same  material  and  the 
same  orientation.  E  and  y  can  be  considered  to  be 
constant.  Crack  length  c  is  the  only  factor  to  affect 
samples'  mechanical  strength.  In  general,  grinding  could 
induce  a  damage  layer  in  the  near  surface  of  silicon 
samples,  including  a  plastic  deformation  layer  and 
an  elastic  deformation  layer.  By  polishing,  most  of  the 
damaged  layer  will  be  removed.  In  our  samples,  the 
ground  silicon  samples  and  the  polished  silicon  samples 
were  etched  for  the  same  time.  Therefore,  the  residual 
stress  in  the  ground  silicon  samples  could  exist  while  all 
of  the  damage  in  the  polished  silicon  samples  was 
removed  by  etching.  The  residual  stress  may  have 
resulted  in  crack  length  which  was  longer  in  the  ground 
silicon  samples,  so  that  the  mechanical  strength  was 
lower.  On  the  other  hand,  the  surface  roughness  of 
polished  samples  was  less  than  that  of  the  grinding 
samples.  After  etching,  the  surface  of  both  kinds  of 
samples  was  still  rough.  The  roughness  can  be  taken  as 
notches,  which  will  lead  to  the  concentration  of  stress 
when  loaded.  The  rougher  the  surface,  the  deeper  the 
notches  were.  Thus,  the  strength  of  bars  would  be  lower 
when  loaded  for  the  samples  with  deeper  notches. 
Therefore,  from  the  viewpoint  of  both  the  residual 


(b) 


sample  with  (111)  orientation  and  its  illustration  (b). 


stress  and  surface  roughness,  the  mechanical  strength 
was  surely  lower  for  the  grinding  samples  compared  to 
the  polishing  samples. 

Since  single  crystal  silicon  is  an  anisotropic  material, 
the  flexure  strength  should  be  different  at  different 
orientations.  In  our  experiment,  the  flexure  strength 
of  Group  3  with  (111)  orientation  and  Group  5  with 
<(110)  orientation  shows  the  difference.  Although  the 
initial  crack  appeared  with  the  same  {112}  plane  in  both 
groups,  the  crack  path  was  different.  The  initial  crack 
lay  on  the  orientation  of  { 1  1  2}  <(  1  1  1  )  for  the  samples 
with  <1  1  I>  orientation  and  { 1  1  2}  <  I  10)  for  the 
samples  with  <(110)  orientation,  respectively.  As 
mentioned  above,  the  crack  path  w'ould  develop  to 
[I  1  1}  plane  at  last.  But  the  initial  crack  orientation 
was  not  the  same:  the  crack  path  would  not  be  the 
same.  From  this  viewpoint,  the  different  crack  path  may 
be  the  reason  for  the  different  flexure  strength  for 
Groups  3  and  5. 

However,  our  results  also  showed  that  the  flexure 
strength  of  NCZ-Si  was  higher  than  that  of  CZ-Si.  The 
reasons  may  be  as  below:  (1)  As  nitrogen  w'as  doped  in 
NCZ  silicon.  N-O.  N-N  and  N-Si  bonds  were  formed, 
which  had  the  higher  bond  energy  than  Si-Si  bond. 
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Consequently,  more  energy  was  needed  in  NCZ  silicon 
than  in  CZ  silicon  when  they  were  fractured.  (2)  During 
the  cooling  process  of  crystal  growth,  a  large  number  of 
small-diameter  and  high-density  oxygen  precipitation 
cores  were  nucleated,  which  increased  the  dissipation  of 
energy  during  the  process  of  fracture.  Also,  the  complex 
of  impurities  may  cause  the  crack  path  variant  and  lead 
to  the  different  flexure  strength.  (3)  The  doping 
impurities  would  shift  the  Fermi  level  and  change  the 
ideal  tensile  stress  as  reported  [12,13].  Thus,  the 
Shockley  surface  states  produced  during  the  crystal 
cleaving  process  (microscopically,  double  kink  nuclea- 
tion  or  migration)  would  influence  the  flexure  strength 
greatly.  The  result  indicates  that  nitrogen  improves  the 
mechanical  strength  of  single  crystal  silicon  at  room 
temperature,  whatever  the  surfaces  of  the  samples  are, 
rough  or  smooth  if  under  the  same  fracture  conditions. 


4.  Conclusions 

We  studied  the  flexure  strength  of  single  crystal  silicon 
doped  with  nitrogen  (NCZ)  and  the  silicon  without 
nitrogen  (CZ)  by  three-point  bending  method  at  room 
temperature.  The  result  indicates  the  doped  nitrogen 
increase  of  the  flexure  strength  of  single  crystal  silicon.  It 
is  suggested  that  the  nitrogen  atom  in  silicon  formed  the 
bonds  with  silicon  atom  and  oxygen  atom,  which 
improves  the  single  crystal  silicon’s  mechanical  strength. 
Besides,  nitrogen  in  silicon  helped  the  formation  of 
oxygen  precipitation,  which  pins  the  dislocations  in  the 
process  of  fracture,  leading  to  higher  flexure  strength. 
The  surface  condition  of  silicon  has  a  great  effect  on  its 
mechanical  strength.  The  crack  quantity  and  length  on 


the  surface  are  the  main  factors.  Different  orientation 
plane  is  another  factor  to  affect  the  mechanical  strength, 
due  to  the  different  crack  path. 


Acknowledgements 

The  authors  would  like  to  thank  the  Natural  Science 
Foundation  of  China  for  the  financial  supports  (No. 
59976035  and  50032010). 


References 

[1]  C.P.  Chen,  M.H.  Leipold,  Ceram.  Bull.  59  (1980)  469. 

[2]  A.A.  Wereszczak,  A.S.  Barnes,  K.  Breder,  S.  Binapal, 
J.  Mater.  Sci.  11  (2000)  291. 

[3]  K.  McGurire,  S.  Danyluk,  T.L.  Baker,  J.W.  Rupnow, 
D.  McLaughlin,  J.  Mater.  Sci.  32  (1997)  1017. 

[4]  F.  Ebrahimi,  S.I.  Hussain,  Scr.  Metall.  Mater.  32  (1995) 
1507. 

[5]  K.  Sumino,  I.  Yonegaga,  Jpn.  J.  Appl.  Phys.  20  (1981) 
L685. 

[6]  S.M.  Hu,  Appl.  Phys.  Lett.  31  (1977)  53. 

[7]  K.  Sumino,  H.  Harada,  Philos.  Mag.  A  44  (1981)  1319. 

[8]  T.  Fukuda,  A.  Ohsawa,  J.  Appl.  Phys.  73  (1993)  112. 

[9]  I.  Yonenaga,  K.  Sumino,  J.  Appl.  Phys.  56  (1984)  2346. 

[10]  L.  Jastrzebski,  G.W.  Cullen,  R.  Soydon,  et  al., 
J.  Electchem.  Soc.  134  (1987)  466. 

[11]  D.  Li,  D.  Yang,  D.  Que,  Phys.  B  273  (1999)  553. 

[12]  K.  Masuda-Jindo,  V.K.  Tewary,  R.  Thomson,  J.  Mater. 
Res.  6  (1991)  1553. 

[13]  Y.M.  Huang,  J.C.H.  Spence,  O.F.  Sankey,  Philos.  Mag. 
A70  (1994)  53. 

[14]  Y.L.  Tsai,  J.J.  Mecholsky,  J.  Mater.  Res.  6  (1991)  1248. 


ELSEVIER 


mm 

Physica  B  308  310  (2001)  454  457  =============5=^=5= 

www.clscvicr.com/locatc/physh 


Self-interstitial  clusters  in  silicon 


T  A  G.  Eberlein3,  N.  Pinho3*,  R.  Jones3’1,  BJ.  Coomer3,  J.P.  Goss3, 

P.R.  Briddonc,  S.  Obergb’2 

* School  of  Physics.  The  University  of  Exeter.  Exeter  EX4  4QL.  UK 
h  Department  of  Mathematics,  Luled  University  of  Technology,  S-971H7  Luled,  Sweden 
Department  of  Physics,  The  University  of  Newcastle  upon  Tyne,  Newcastle  upon  Tyne  NEI  7RU.  UK 


Abstract 

Although  there  have  been  made  many  calculations  for  structures  of  the  self-interstitial  in  Si  and  small  ac^recates  of 
interstitials.  I„.  there  have  been  relatively  few  attempts  to  relate  these  defects  with  experimental  data.  HereTwe'discuss 
the  assignments  of  the  self-interstitial  to  the  AA12  EPR  centre  and  the  di-interstitial  to  the  P6  EPR  centre,  (r  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Recently,  the  AA12  electron  paramagnetic  resonance 
(EPR)  centre  has  been  assigned  to  the  self-interstitial  in 
Si  trapped  at  a  tetrahedral  site  [1],  AAI2  is  an  isotropic 
centre  with  a  resolved  45  MHz  hyperfine  interaction 
with  a  single  Si  atom.  Unresolved  hyperfine  interactions 
with  shells  of  4-6  Si  atoms  have  also  been  detected.  The 
small  value  of  the  hyperfine  tensor  suggests  that  only 
1.5%  of  the  spin  density  is  localised  in  an  s-orbital  on 
the  interstitial.  The  spectrum  is  found  when  p-Si  is 
irradiated  with  30  MeV  protons  (or  4.7  MeV  oc-parti- 
cles)  between  77  and  270  K,  and  subsequently  the 
sample  is  illuminated  with  band  gap  light.  The  defect 
has  been  correlated  with  a  minority  carrier  transient 
spectroscopy  (MCTS)  level  at  £c  -  0.39  eV  and  anneals 
at  350  K  in  the  dark  or  at  77  K  under  minority  carrier 
injection.  The  growth  of  other  interstitial  defects,  such  as 
Q,  Al,  and  Si,— O,,  is  detected  after  the  anneal.  The 
implication  is  that  the  (+/  +  +)  level  of  I,  lies  at  E,  - 
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0.39  eV  and  the  defect  is  unstable  when  neutral.  It  seems 
strange  that  the  defect  is  created  in  high  energy  proton 
irradiation  as  low  energy  irradiation  results  in  an 
athermal  movement  of  the  interstitial  even  at  4.2  K. 
This  is  believed  to  be  caused  by  an  ionisation  enhanced 
defect  motion  [2].  Similarly,  rapid  diffusion  of  inter¬ 
stitials  occurs  after  1.3  MeV  proton  implantation  of 
n-Si.  Hence,  if  the  assignment  is  correct  there  must  be 
some  reason  why  the  diffusion  does  not  occur  in  the  high 
energy  proton  irradiation  experiments. 

AA 1 2  is  not  the  only  spectrum  that  has  been  assigned 
to  a  self-interstitial  defect.  The  P6  EPR  centre  is  formed 
in  neutron,  ion  or  MeV  proton  irradiated  intrinsic  Si 
[3,4].  Its  0-tensor  reveals  a  C2  axis  along  [1  00]  at  200  K, 
but  at  300  K,  the  symmetry  becomes  D:  or  D:ti  and 
anneals  at  440  K.  The  activation  energy  for  this  change 
is  only  0.2  eV  and  represents  a  thermally  activated 
reorientation  between  equivalent  sites.  Uniaxial  stress 
studies  showed  that  the  defect  could  reorientate  at  100'C 
with  an  activation  energy  of  0.6  eV.  This  activation 
energy  is  similar  to  the  anneal  of  the  0.4  eV  DLTS  level 
found  in  irradiated  p-Si.  The  energy-stress  tensor  of  P6 
is  consistent  with  a  defect  of  D:d  symmetry  with 
principal  values  and  directions  B\  =  B:  =  15.4  eV  along 
[10  0]  and  [0  1  0],  and  By  —  -30.8  eV  along  [0  01].  Here, 
the  C2  axis  in  the  low  temperature  form  points  along 
[0  1  0]  through  the  unique  Si  atom. 
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Lee  et  al.  [3]  suggested  that  P6  is  due  to  I?"  with  three 
atoms  sharing  a  lattice  site  resulting  in  a  C2  axis  along 
[010].  Recent  ab  initio  calculations  [5]  indicate  that  this 
structure  is  metastable  and  I2  possesses  Cih  symmetry  at 
low  temperatures,  and  C2v  when  some  distortion  is 
allowed.  In  spite  of  this  difference  in  symmetry,  the 
defect  was  identified  with  P6.  This  cannot  be  correct 
and,  therefore,  the  true  nature  of  P6  is  at  present 
unresolved. 

The  results  derived  in  this  paper  have  been  found 
using  a  first  principles  density  functional  method 
employing  Gaussian  orbitals  (AIMPRO)  [6].  The 
calculations  for  the  energies  have  been  carried  out  in 
supercells,  but  the  electrical  levels  have  been  calculated 
from  the  ionisation  energies  of  the  defects,  when 
embedded  in  large  H-terminated  clusters  in  a  way 
described  previously  [7]. 


2.  Single  interstitial  Ii 

A  number  of  possible  locations  for  the  interstitial  were 
examined  in  65  atom  supercells.  These  were  the  T  site 
with  Ta  symmetry,  the  H  site  with  D3<j  symmetry  and  the 
<11 0>-split  interstitial  with  C2v  symmetry.  In  the 
neutral  charge  state  the  energies  of  the  T  interstitial 
and  the  <1  10)  -split  interstitial  are  equal  to  within  the 
precision  of  the  method  (Table  1).  The  H  interstitial  is 
found  to  be  about  0.16  eV  higher  in  energy.  The 
potential  well  in  which  the  T  interstitial  is  located  is 
quite  narrow  and  a  small  displacement  of  the  interstitial 
can  push  it  towards  the  H  site  lowering  the  symmetry  to 
C3V  This  is  probably  due  to  a  Jahn-Teller  effect  to  be 
discussed  below.  In  the  negative  charge  state  the  [1  1  0] 
oriented  interstitial  has  the  lowest  formation  energy, 
while  the  T  interstitial  in  the  1+  and  2+  charge  states 
has  the  lowest  energy.  In  the  2+  state,  the  T  site  is  stable 
against  small  perturbations,  i.e.  when  moved  slightly 
from  its  equilibrium  position,  the  atom  returns  during 
the  relaxation.  In  general,  the  results  for  I|  are  in 
agreement  with  previous  theory  [8,9].  The  formation 
energy  for  the  interstitial  at  the  T  site  in  the  neutral 


charge  state  is  found  to  be  3.36  eV,  in  good  agreement 
with  a  previous  calculation  of  3.43  eV  [9].  Increasing  the 
supercell  to  129  atoms  or  the  MP  scheme  to  43  enhances 
the  formation  energy  by  only  0.05  and  0.01  eY.  There¬ 
fore  the  calculations  are  converged  with  respect  to  the 
size  of  the  supercell  and  the  k-point  sampling. 

Electrical  levels  of  the  single  interstitial  were  found  by 
taking  the  relaxed  structures  from  the  supercell  and 
embedding  them  in  297  atom  clusters.  Ionisation 
energies  were  then  calculated  and  compared  with 
standard  defects  such  as  hydrogen  at  a  BC  site, 
interstitial  carbon,  substitutional  sulphur  and  the 
sulphur  pair.  The  ionisation  energy  was  then  found 
using  the  difference  in  energy  between  the  ionised  and 
neutral  defects  [7].  The  T  interstitial  possesses  a  t2  level 
in  the  upper  part  of  the  gap  which  is  occupied  by  two 
electrons  when  neutral.  In  this  case  a  Jahn-Teller 
distortion  splitting  the  t2  manifold  would  be  expected. 
This  is  probably  the  origin  of  the  C3V  distortion. 
However,  it  seems  that  the  distortion  is  small. 

Table  2  gives  the  calculated  ionisation  energies  and 
donor  levels  evaluated  using  the  sulphur  pair  as  a 
reference.  We  choose  this  as  it  has  a  (+/  +  +)  level  very 
close  to  that  of  AA12.  The  error  in  the  method  is  about 
0.2  eV.  The  single  donor  level  of  Ij  at  the  T  site  is  above 
the  conduction  band  and  thus  the  interstitial  is  always 
ionised  at  the  T  site.  On  the  other  hand,  the  [1  1  0]  split 
interstitial  has  a  donor  level  close  to  Ev  and  thus  is  only 
neutral  in  this  site.  Hole  trapping  of  the  neutral  defect 
must  then  lead  to  a  switch  to  the  T  site  and  subsequent 


Table  1 

Relative  total  energies  for  L  in  eV.  The  values  in  square 
brackets  are  the  results  of  Lee  [3] 


State 

T 

<110)  -split 

H 

-1 

0.15  [0.38] 

0.00  [0.00] 

0.40  [0.19] 

0 

0.00  [0.16] 

0.05  [0.00] 

0.16  [0.04] 

+  1 

0.00  [0.00] 

0.60  [0.59] 

0.54  [0.47] 

+  2 

0.00  [0.00] 

1.19  [1.32] 

1.02  [1.15] 

Table  2 

Calculated  levels  for  some  known  defects  and  for  l\  and  I2  interstitial  complexes 


Defect  Id  Calc.  (0/+)  Expt.  (0/+)  Idd  Calc.  (+/ + +)  Expt.  (+/ + +) 


S2 

4.54 

M 

0.19 

6.04 

M 

s 

4.66 

0.32 

0.3 

6.40 

0.73 

C, 

5.12 

0.78 

0.89 

— 

— 

H 

4.51 

0.16 

0.15 

— 

Ii  T 

4.04 

— 

— 

5,75 

0.08 

Ii  (1  1  0) 

5.38 

1.03 

— 

— 

— 

L  C 

5.13 

0.78 

— 

— 

— 

I2  K 

4.99 

0.64 

— 

— 

— 

0.37 

0.6 


0.39? 
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electron  trapping  would  reverse  this  site  change.  In  this 
way,  rapid  athermal  diffusion  could  occur  at  low 
temperatures  in  the  presence  of  irradiation.  We  find 
the  second  donor  level  of  I|  at  the  T  site  to  lie  at  Ec  ~ 
0.08  eV  and  about  0.31  eV  above  the  level  attributed  to 
AAI2.  This  is  at  the  very  upper  error  limit  expected  in 
the  method.  This  level  should  also  exhibit  a  Poole- 
Frenkel  effect.  In  the  positive  charge  state,  a  Mulliken 
analysis  shows  that  7%  of  the  spin  density  is  localised  on 
the  interstitial  in  the  three  p-orbitals.  The  isotropic 
hyperfine  interaction  with  the  nucleus  of  the  unique  Si 
atom  is  then  almost  zero,  consistent  with  low  1.5%  value 
seen  experimentally  for  AA12. 

The  diffusion  barrier  of  the  interstitial  at  the  T  site 
was  then  investigated.  The  H  site  is  a  saddle  point  on  the 
diffusion  path  of  The  barrier  in  this  charge  state  is 
found  to  be  about  1  eV.  If  we  use  the  Arrhenius  diffusion 
equation  D  =  Do  exp(-Q/kT)  with  D{)  =  vcr,  where  a  is 
the  distance  between  T  sites  (a/^/2)  and  v=  lO’V1, 
then  the  temperature  at  which  the  defect  anneals  is 
around  350  K,  consistent  with  the  anneal  of  the  AA12 
centre.  In  the  metastable  neutral  charge  state  the 
diffusion  barrier  for  T-H-T  path  is  found  to  be  below 
0.2  eV,  which  is  also  consistent  with  the  measured 
annealing  of  AA12  around  80  K  under  minority  carrier 
injection. 


3.  Di-interstitial 

Several  structures  with  Q>  symmetry  were  first 
considered,  being  the  most  stable  similar  to  the  P6 
model  proposed  by  Lee  et  al.  [3].  In  this  structure,  shown 
in  Fig.  1(L),  two  Si  atoms  are  placed  symmetrically 
around  a  substitutional  atom  roughly  aligned  along  a 
cube  axis.  The  original  substitutional  atom  is  displaced 
along  [0  1  0].  We  call  this  the  L  form.  This  is,  however, 
not  the  lowest  energy  structure  of  h.  A  lower  energy 
structure  for  the  neutral  charge  state  has  Cn,  symmetry 
and  is  identical  to  that  proposed  by  Kim  et  al.  [5]  and 
shown  in  Fig.  1(K).  This  structure  can  be  found  by 
placing  an  Si  dimer,  oriented  along  [0  1  I],  near  to  a 
substitutional  atom.  This  atom  is  displaced  away  from 
the  dimer  so  that  the  symmetry  becomes  Cn,  with  a 
(Oil)  mirror  plane.  There  is,  however,  another  structure 
also  having  Cm  symmetry  with  comparable  energy.  This 
form,  Fig.  1(C),  is  described  in  Ref.  [10],  The  C  form  is 
structurally  very  similar  to  the  K  form,  but  the  [0  11] 
dimer  is  added  to  a  site  near  a  bond  centre,  maintaining 
a  (01  I)  mirror  plane.  The  formation  energies  of  the 
neutral  C,  K,  L  forms  of  h  are  5.12,  5.19  and  6.17  eV. 
Table  3  shows  the  relative  energies  in  each  charge  state. 
Clearly,  the  L  form  has  an  energy  about  1  eV  higher 
than  the  Cn,  forms  in  all  charge  states.  The  K  and  C 
defects  have  competitive  energies  in  all  charge  states. 


Table  2  shows  that  the  (0/+)  level  of  the  stable  C  form 
of  I2  lies  at  E,  +  0.3  eV. 

The  diffusion  energy  of  neutral  L  was  found  by 
imposing  constraints  preventing  the  diffusing  structure 
to  relax  to  the  equilibrium  one  [11].  The  diffusion  barrier 
along  the  path  is  quite  complicated  and  is  illustrated  in 
Fig.  2.  Step  (i)  shows  the  starting  structure  in  the  C 
form.  The  first  step  (ii)  represents  the  transition  to  the 
saddle  point  between  two  symmetric  versions  of  the  C 
form.  This  costs  0.5  eV.  Step  (iv)  involves  a  relaxation  to 
the  K  form  which  is  almost  degenerate  with  the  C  form. 
Step  (v)  involves  the  movement  of  the  single  Si  atom  to  a 
symmetric  version  of  the  K  form  (vi).  The  next  step 


Fig.  1.  Models  of  K 


Table  3 

Relative  energies,  eV,  for  the  three  forms  of  L  in  various  charge 
states 


Charge 

L 

C 

K 

-1 

1.07 

0.00 

0.04 

0 

1.05 

0.00 

0.07 

+  1 

1.12 

0.00 

0.007 

Fig.  2.  Energetics  of  the  diffusion  path  for  L. 
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takes  us  to  the  C  form  (vii).  The  steps  (vii)-(x)  complete 
the  movement  of  the  dimer  through  a  lattice  vector 
a/yj 2.  Thus,  the  net  migration  barrier  is  about  0.5  eV.  It 
is  possible  that  another  diffusion  path  exists  with  lower 
energy.  Preliminary  calculations  also  show  that  the 
migration  barriers  for  the  lowest  energy  I3  is  approxi¬ 
mately  0.75  eV  in  the  neutral  charged  state.  These 
dramatic  results  show  that  both  b  and  I3  are  likely  to 
diffuse  faster  than  I++. 

We  complete  our  investigation  into  I?  by  calculating 
the  stress-tensor  B  for  the  L  defect  in  a  way  described 
previously  [11].  Relaxing  the  cell  volume  leads  to  an 
expansion  of  0.8%  and  0.3%  for  the  neutral  and  positive 
defects,  respectively.  The  5-tensor  for  the  positive  defect 
has  principal  values  and  directions  53  =  -7.5  eV  along 
[0.0,  -0.3, 1.0],  B2  =  6.  leV  along  [0.0, 1.0, 0.3],  and 
B\  =  1.5  eV  along  [1  0  0].  Now,  the  observed  values  for 
P6  corresponding  to  the  high  temperature  D2d  form  are 
B\  =  -30.4  eV,  along  [1  0  0],  and  5?  =  53  =  15.4  along 
[0  1  0]  and  [0  0  1],  respectively.  Clearly,  the  calculated 
values  are  very  different  from  the  experimental  ones. 
This  suggests  that  P6  is  a  distinct  defect  from  I2. 


4.  Conclusions 

We  have  shown  that  the  single  interstitial  is  stable  at 
the  T  site  in  the  positive  and  double  positive  charge 
state,  and  that  it  has  symmetry  and  spin  density 
consistent  with  the  AA12  HPR  centre.  The  calculated 
diffusion  barrier  of  I++  is  in  agreement  with  the  thermal 
annealing  of  AA12  in  the  dark  at  350  K,  and  the  lower 
diffusion  barrier  found  for  If  accounts  for  the  loss  of 
AA12  under  electron  injection.  However,  the  (  +  /+  +) 
calculated  level  is  much  more  shallow  than  Ec  -  0.39  eY 
reported  for  AA12.  Therefore,  we  conclude  that  the 
AA12  defect  is  probably  the  long-sought  self-interstitial, 
although  there  is  uncertainty  about  the  position  of  the 
second  donor  level.  The  calculations  show  that  the 
defect  does  not  possess  a  first  (0/+)  level  within  the  gap 
and  the  neutral  defect  would  spontaneously  ionise. 


Turning  to  the  di-interstitial  we  conclude  that  the 
lowest  energy  configuration  found  by  Kim  et  al.  is  not 
the  P6  EPR  centre.  Further,  the  Lee  et  al.  model  for  I2  is 
only  metastable  and  has  a  5-tensor  at  variance  with  P6. 
The  calculated  diffusion  barrier  for  I2  is  0.5  eV,  half  that 
of  lf+.  The  rapid  mobility  of  I2  at  room  temperature 
explains  the  absence  of  a  dominant  EPR  centre  that  can 
be  assigned  to  the  defect.  Other  forms  [12]  are  compact 
and  highly  mobile  like  I2.  Thus,  we  expect  I4  defects  to 
be  formed  at  the  same  time  as  I3. 14  has  been  linked  with 
the  B3  EPR  centre  which  is  known  to  be  stable  up  to 
500°C.  This  scenario  of  several  coexisting  self-interstitial 
aggregates  is  distinct  from  that  assumed  in  sequential 
kinetic  models  of  the  growth  of  I,,  clusters  [13]. 
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Abstract 


The  radiation-induced  defects,  which  give  rise  to  the  absorption  bands  at  956,  944  and  936  cm' 1  in  silicon  and  are 
suggested  to  be  the  self-interstitial-interstitial-oxygen-related  complexes  IOj  and  I2Oi,  have  been  studied  by  FTIR. 
N-type  C-rich  Si  crystals  co-doped  with  lf,0  and  l!iO  isotopes  were  irradiated  at  T~=  80  K  with  5  MeV  electrons  and 
then  annealed  isochronally  up  to  360  K.  The  oxygen  isotopic  shifts  of  the  bands  assigned  to  lO  and  1,0  are  determined 
and  a  direct  evidence  of  the  oxygen  incorporation  in  the  defects  is  presented.  Appearance  of  a  number  of  new  bands 
has  been  observed  upon  the  interstitial  carbon  C,  annealing  and  they  are  attributed  to  precursors  of  the  CiO,  complex. 
2001  Elsevier  Science  B.V,  All  rights  reserved. 
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1.  Introduction 

The  silicon  self-interstitial  (I)  is  a  fundamental 
intrinsic  defect,  which  is  always  produced  during  Si 
crystal  growth  as  well  as  in  the  course  of  high 
temperature  processing  and/or  irradiation  treatments. 
However,  the  isolated  interstitial  has  not  been  properly 
identified,  yet,  which  is  probably  due  to  its  high 
migration  ability  [1].  It  can  interact  efficiently  with 
many  other  defects  and  impurities,  resulting  in  the 
appearance  of  new'  centers.  The  best  known  process  is 
the  Watkins  replacement  mechanism  when  the  group  III 
impurities  and  substitutional  carbon  are  ejected  into 
interstitial  sites  [1,2].  Interaction  of  the  Si  self-interstitial 
with  the  interstitial  oxygen  (Oj)  has  also  been  proposed 
to  play  an  important  role  in  processes  of  radiation  defect 
formation  as  well  as  in  oxygen  agglomeration  at  elevated 
temperatures  [3,4].  In  particular,  enhanced  oxygen 
diffusion  was  suggested  to  occur  via  a  highly  mobile 
IOj  complex  [5-7].  Besides,  such  a  complex  was  argued 
to  be  the  core  of  the  oxygen-related  thermal  double 
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donors  [8].  However,  experimental  data  available  on  the 
IOj  complex  are  controversial. 

In  1966,  Whan  [9,10]  revealed  three  vibrational  IR 
absorption  bands  located  at  about  936,  944  and 
956  cm  1  at  80  K  in  irradiated  Czochralski-growm  silicon 
(Cz-Si).  These  bands  were  later  assigned  to  arise  from 
the  IOj  complex.  The  bands  appeared  after  irradiation 
by  fast  electrons  at  temperatures  80-150  K  of  oxygen- 
rich  Si  crystals,  but  not  in  oxygen-lean  ones  [9,11,12]. 
The  presence  of  Ge  or  Sn  (traps  for  vacancies)  did  not 
affect  the  formation  of  the  936,  944  and  956  cm”  1  bands 
while  doping  by  carbon  (a  trap  for  I)  reduced  their 
formation  substantially  [12].  The  bands  at  944  and 
956  cm  1  are  most  likely  associated  with  different 
configurations  of  the  same  center  since  their  relative 
intensities  could  be  changed  reversibly  at  low  tempera¬ 
tures  upon  the  sample  illumination  and/or  storage  in 
darkness  [9].  Both  bands  annealed  out  at  about  200- 
250  K  with  a  partial  transformation  into  the  922  and 
932  cm  1  bands,  related  to  interstitial  carbon,  and  into 
the  936cm  1  band  [11,12].  The  936cm”1  band  anneals 
out  already  at  about  350  K  with  a  simultaneous  increase 
in  the  intensity  of  the  9  pm  band,  i.e.,  in  the  concentra¬ 
tion  of  interstitial  oxygen  atoms. 
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These  facts  allowed  all  the  three  bands  (at  944,  956 
and  936  cm-1)  to  be  assigned  to  arise  from  the  10} 
complex  [12,13].  However,  there  are  some  observations 
that  are  not  consistent  with  such  an  assignment  for  the 
936  cm”1  band.  Firstly,  no  IOj  complex  that  is  stable  at 
RT  has  hitherto  been  observed  by  any  other  technique. 
Secondly,  there  is  a  consensus  that  the  IOj  complex  is 
indeed  formed  during  LT  irradiation  of  the  Cz-Si 
crystals,  but  it  has  also  been  established  that  the 
complex  is  only  stable  up  to  about  200-250  K.  Dissocia¬ 
tion  of  the  IOj  complexes  in  this  temperature  region  has 
been  manifested  in  many  experiments  [11,12,14-17]  via 
correlated  appearance  of  interstitial  carbon  and/or 
aluminum  atoms.  Furthermore,  similar  thermal  stability 
behavior  of  IOj  complexes  was  confirmed  by  the  EPR 
technique  [16].  Evidently,  the  936  cm  1  band  should 
arise  from  another,  more  stable  defect.  The  Si  interstitial 
pair  and  interstitial  oxygen  complex,  I20},  have  been 
suggested  recently  [18,19]  to  be  responsible  for  this 
band.  Such  a  complex  may  be  formed  via  the  reaction 
I  +  IOi^FO}. 

Apparently,  the  local  vibrational  modes  (LVMs)  at 
936  and  944  (956)  cm”1  could  be  related  to  oxygen 
vibrations  in  the  I2Oj  and  IO}  complexes.  To  get  a  direct 
evidence  of  this,  in  the  present  paper,  we  have  performed 
an  IR  absorption  study  of  low- temperature  radiation- 
induced  defects  in  Si  crystals  co-doped  with  160  and  lgO 
isotopes. 


2.  Experimental 

The  relatively  low  resistivity  (0.2-0.3Dcm)  n-type  Si 
samples  co-doped  with  oxygen  isotopes  160  and  l80 
were  used  in  this  study.  The  160,  lsO  and  carbon 
concentrations  were  determined  from  the  intensity  of  the 
bands  at  1107,  1058  and  605  cm”1  at  room  temperature 
[2,20]  and  were  about  1  x  1018,  8  x  1017  and 

4xlOl7cm'3,  respectively.  Irradiation  with  electrons 
(5MeV)  was  performed  to  doses  (3-5)  x  10 17  cm”2  using 
a  microtron.  The  temperature  of  the  samples  during 
irradiation  was  about  80  K,  after  irradiation  the  samples 
were  moved  to  a  cryostat  without  heating.  The 
isochronal  annealing  was  carried  out  in  temperature 
steps  of  3-10  K  in  the  range  80-363  K,  for  1 5  min  at  each 
temperature.  Absorption  spectra  were  measured  using  a 
Bruker  1 1 3v  Fourier  Transform  IR  Spectrometer  at 
10  K  with  spectral  resolution  of  0.5  cm”1. 


3.  Results  and  discussion 

3.1.  Si  self-interstitial-oxygen  related  defects 

Figs,  la  and  b  show  typical  infrared  absorption 
spectra  measured  at  10  K  in  the  region  of  780- 


Fig.  1 .  Absorption  spectra  measured  at  10  K  for  Si :  160,  Si :  180 
and  Si :  C  after  irradiation  at  80  K  for  a  dose  5  x  1017cm”2  (1) 
and  subsequent  annealing  at  300  (2)  and  363  K  (3). 


Fig.  2.  The  behavior  of  the  absorption  bands  at  annealing  of 
irradiated  Si :  160,  I80,  C. 


980  cm”1  for  investigated  samples  after  irradiation  at 
80  K  (1)  and  annealing  at  300  (2)  and  363  K  (3).  The 
annealing  behaviors  of  some  of  the  bands  are  shown  in 
more  detail  in  Figs.  2a  and  b,  and  their  positions  are 
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given  in  Table  1.  In  the  as-irradiated  sample,  the  most 
prominent  bands  at  836  and  800  cm  1  are  due  to  oxygen 
(  60  and  ,sO)  vibrations  in  the  neutral  vacancy-oxygen 
(VO)  center.  The  weaker  bands  at  885  and  847  cm  1  are 
related  to  the  same  center  but  in  its  negative  charge 
state.  The  well-known  bands  at  922  and  932cm  1 
originate  from  Q  atoms.  The  bands  at  944,  956  and 
936  cm  1  appear  to  be  the  same  as  those  observed 
previously  [9-13.18,19]  in  Si:KlO  crystals,  i.e.,  the 
former  two  arise  from  the  IO{  complex,  and  the  latter 
from  the  I2Oj  defect. 

Of  particular  interest,  here,  are  the  bands  at  903,  915 
and  895  cm'  \  A  linear  correlation  was  found  between 
the  intensities  of  the  former  two  bands  and  the  bands  at 
944  and  956  cm  1  in  samples  irradiated  with  different 
doses,  and  the  ratio  of  intensities  was  close  to  that  of  the 
l60  and  hsO  concentrations.  Besides,  all  these  bands 
have  an  identical  annealing  behavior,  as  illustrated  in 
Fig.  2b.  It  should  also  be  noted  that  the  903  and 
915  cm  1  bands  display  reversible  changes  in  intensity 
under  illumination  similar  to  those  of  the  bands  at  944 
and  956cm  '.  All  these  facts  allow  us  to  assign  the  903 
and  91 5  cm"  1  bands  as  arising  from  an  IlsOj  complex.  In 
a  similar  way.  the  band  at  895  cm'"1  is  found  to  be  an 
IS0  isotope  analog  of  the  936  cm  1  band,  i.e.,  it  is  likely 
related  to  an  I20,  defect.  Both  the  bands  (at  895  and 
936cm  ')  anneal  out  at  about  350  K  and  their 
disappearance  is  accompanied  by  a  decrease  in  intensity 
of  the  bands  related  to  the  A-center  (see  spectra  (2)  and 
(3)  in  Fig.  lb).  Probably,  the  VO  defect  is  the  most 
efficient  trap  of  I  atoms  released  upon  the  I20, 
dissociation. 

It  is  worth  mentioning  that  the  observed  oxygen 
isotopic  shifts  of  the  bands  at  944,  956  and  936  cm  1  are 
typical  for  the  asymmetrical  stretching  vibrations  of 
divalent  oxygen  in  Si.  The  data  obtained  may  be  useful 
when  modeling  the  structure  of  IO  and  I20  centers. 


Table  I 

Position  and  indentification  of  the  absorption  bands  observed 
in  LT-irradiated  Si :  l60.  lsO.  C 


No. 

Band  position  (cm 

■) 

Attribution 

K,0 

i*0 

1 

835.6 

799.8 

VO° 

2 

885 

846.7 

VO 

3 

865.7 

CA 

4 

1115.6 

CA 

5 

956.2 

914.7 

IO, 

6 

944.3 

902.5 

IO, 

7 

935.6 

895.3 

TO, 

8 

922.1 

,2Ci 

9 

932.1 

"-d 

10 

967.3 

925.1 

3.2.  Interstitial  carbon-oxygen  related  defects 

One  of  the  important  findings  of  the  present  study  is 
an  observation  of  a  number  of  new  bands,  appearing 
upon  annealing  of  Q  (bands  at  922  and  932  cm-1)  in  the 
temperature  range  270-300  K.  The  most  intensive  of 
them  are  located  at  about  925  and  967  cm  1  (see 
Fig.  2b).  The  newly  observed  defects  are  not  very  stable 
and  start  to  anneal  out  at  7"^300K.  Their  disappear¬ 
ance  results  in  a  significant  growth  of  the  well-known 
band  at  866  cm  1  related  to  the  CjOj  defect  (e.g..  see 
review  [2]  and  references  therein).  It  appears  most  likely 
that  the  new  defects  are  precursors  (some  intermediate 
states)  to  a  stable  configuration  of  CjO,.  Such  a 
suggestion  is  in  agreement  with  the  results  of  previous 
DLTS  studies  [21],  where  a  metastable  configuration  of 
this  complex  has  been  found.  It  should  be  noted  that 
another  well-known  carbon-related  defect,  CsCi.  is  also 
formed  via  a  metastable  complex  [2,22]. 

The  bands  at  925  and  967cm  l,  according  to  their 
separation  and  relative  intensities,  are  likely  related  to 
lsO  and  160  vibrations  in  one  of  the  CjOj  metastable 
configurations.  In  such  a  configuration,  the  oxygen  atom 
is  probably  two-coordinated  (divalent)  while  in  the  most 
stable  one,  it  is  over-coordinated  (trivalent)  and  gives 
rise  to  the  band  at  742  cm  1  [23].  The  Ci-related  bands 
are  also  expected  for  metastable  CjOj  states  and  there 
are  some  candidates.  However,  further  studies  are 
needed  to  identify  them  properly. 
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Abstract 

Annealing  of  divacancies  produced  by  ion  bombardment  of  crystalline  silicon  has  been  characterized  usins 
differential  scanning  calorimetry  (DSC)  and  Fourier  transform  infrared  absorption  (FTIR).  DSC  at  a  rate  of  40’C/min 
shows  two  clear  peaks  in  the  heat  release,  one  at  MOT  and  the  other  at  240T.  The  activation  energies  of  these  peaks 
were  calculated  assuming  first  order  kinetics  and  found  to  be  approximately  1.2  and  1.5eV.  The  remaining  fraction  of 
divacancies  with  respect  to  annealing  temperature  was  measured  by  FTIR  and  compared  to  the  remaining;  fraction  of 
defects  calculated  from  the  heat  released  in  DSC.  Annealing  measurements  are  in  agreement  with  previous  work  on 
electron  and  neutron  irradiation  of  Si  despite  much  higher  defect  concentrations.  (C  2001  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

Despite  more  than  three  decades  of  work  on  vacancies 
and  divacancies  in  crystalline  silicon,  some  important 
aspects  of  these  point  defects  are  not  completely  known 
and  understood.  In  particular,  the  formation  energy  of 
divacancies  has  yet  to  be  measured  experimentally.  Our 
aim  is  to  measure  that  formation  energy.  Several  studies 
were  conducted  on  electron  irradiated  Si  [1];  however, 
defect  concentrations  were  always  much  lower  than  in 
ion  irradiated  Si.  In  this  paper  we  describe  the 
preparation  and  characterization  of  Si  samples  with 
divacancy  concentrations  high  enough  to  be  used  for 
such  a  measurement. 

Divacancies  are  produced  by  bombardment  with 
8  MeV  protons  which  have  enough  energy  to  completely 
go  through  the  samples  and  produce  defects  without 
leaving  residual  hydrogen  which  would  react  very 
effectively  with  vacancy-type  defects  to  produce  un¬ 
wanted  point  defects  in  our  material  [2,3].  The  total 
amount  of  divacancies  in  an  irradiated  sample  can  be 
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measured  using  infrared  absorption  [1,4],  electron  spin 
resonance  (ESR)  [5],  positron  annihilation  study  (PAS) 
[6]  and  deep  level  transient  spectroscopy  (DLTS). 
However,  a  quantitative  evaluation  of  the  divacancy 
count  in  a  sample  is  very  difficult  to  achieve.  We  plan  to 
eventually  do  this  by  establishing  a  correlation  between 
these  different  methods.  The  heat  released  during  a 
thermal  anneal  measured  using  differential  scanning 
calorimetry  (DSC)  clearly  indicates  two  annealing 
mechanisms  of  different  activation  energies.  This  raises 
questions  about  the  annealing  behaviour  of  divacancies 
that  must  be  answered  before  we  can  evaluate  their 
formation  energy  by  simply  taking  the  ratio  of  the  heat 
released  to  the  total  number  of  divacancies  in  the 
sample. 


2.  Sample  preparation  and  analysis  techniques 

The  samples  were  cut  from  three  types  of  <  I  1  1  > 
float-zone  crystalline  silicon  manufactured  by  Wacker: 
nominally  undoped  Si  which  is  in  fact  a  high  resistivity 
( >  7000 Q cm)  N-type  crystal,  N-type  Si  with  a  resistivity 
of  about  60  cm  and  P-type  Si  with  a  resistivity  of  about 
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lOOQcm.  The  dopant  concentrations  in  the  N-type  and 
P-type  samples  are  lower  than  1  x  1014cm  3  while 
oxygen  and  carbon  impurities  concentrations  are  lower 
than  1  x  1016  and  2  x  1016cm"3,  respectively.  These  are 
two  orders  of  magnitude  lower  than  the  divacancy 
concentration  in  irradiated  sample  as  measured  by 
Fourier  transform  infrared  absorption  (FTIR). 

High  energy  proton  bombardment  of  silicon  is  used  to 
create  vacancies  in  the  crystalline  structure  by  displacing 
atoms.  Vacancies  have  a  high  diffusivity  at  room 
temperature  and  can  coalesce  into  divacancies  [7].  To 
limit  emitted  radiation  during  and  after  the  experiment, 
early  bombardments  were  made  with  3.5  MeV  protons 
and  the  samples  were  thinned  by  mechanical  polishing  to 
100  pm  using  SiC  grinding  disks  to  allow  the  protons  to 
go  through  them.  Reproducibility  was  difficult  to  obtain 
by  this  method  and  the  thinning  process  was  aban¬ 
doned.  We  now  rather  use  8  MeV  protons  which  have 
sufficient  energy  to  go  through  300  pm  of  Si  while  losing 
approximately  3.5  MeV  in  the  sample.  Samples  are 
irradiated  to  a  fluence  of  5  x  101 6  ion/cm2  with  a  beam 
current  below  750  nA  rastered  over  an  area  of  9  cm2, 
thus  keeping  the  areal  power  density  below  0.3W/cm2. 
Furthermore,  the  samples  are  kept  at  liquid  nitrogen 
temperature  (77  K)  during  bombardment  to  avoid 
dynamical  annealing  of  vacancies.  After  bombardment 
the  samples  are  allowed  to  warm  to  room  temperature 
and  cut  in  pieces  of  approximately  5x5  mm2. 

The  irradiation  damage  was  characterized  with  a 
Bomem  DA3  Fourier  transform  infrared  spectrometer 
with  a  CaF2  beamsplitter  and  liquid-nitrogen-cooled 
MCT  detector.  A  broad  absorption  peak  around  1.8  pm 
associated  with  the  di vacancy  [1,4]  was  observed  in  all 
irradiated  samples.  The  absorbance  (a d)  of  the  1.8  pm 
band,  defined  as  the  logarithm  of  the  ratio  of  the 
sample  intensity  and  of  a  reference  intensity  of  an 
unirradiated  sample  measured  under  identical  condi¬ 
tions,  can  be  related  to  the  areal  density  of  divacancies 
(Avv)  in  our  sample  using  the  criterion  developed 
by  Stein  and  co-workers  [4]  by  the  equation  Avv  = 
(<xd)l.l  x  1016divacancies/cm2. 

The  heat  released  during  annealing  of  the  radiation 
damage  was  monitored  with  a  Perkin-Elmer  DSC7 
differential  scanning  calorimeter  flushed  with  dry 
argon  gas  [8,9].  Two  or  three  pieces  of  bombarded  Si 
were  stacked  together  in  the  sample  pan  of  the  DSC 
while  the  same  number  of  unirradiated  Si  were  loaded  in 
the  reference  pan.  Three  identical  scans  from  20°C  to 
400°C  at  a  rate  of  40°C/min  were  made  for  each 
measurement,  preceded  and  followed  by  an  isotherm 
of  several  minutes  to  allow  the  calorimeter  to  stabilize. 
The  difference  between  the  first  and  second  scan 
represents  the  heat  released  by  defect  annealing  in  the 
sample,  while  the  third  scan  allowed  us  to  ensure 
that  the  baseline  remained  constant  between  con¬ 
secutive  scans. 


3.  Results  and  discussion 

Fig.  1  presents  a  DSC  scan  of  two  irradiated  samples 
at  a  rate  of  40°C/min.  Two  peaks  are  clearly  observable, 
one  at  140°C  and  the  other  at  240°C,  thus  identifying 
two  distinct  annealing  mechanisms  for  divacancies  in  c- 
Si.  Assuming  first  order  kinetics  and  a  constant 
prefactor  of  15THz,  a  typical  phonon  frequency  in 
silicon,  the  activation  energies  of  these  processes  are 
found  to  be  approximately  1.2  and  1.5  eV.  The  positions 
of  the  peaks  varies  with  scanning  rate  but  the  calculated 
activation  energies  remain  constant.  The  values  of  these 
activation  energies  are  bound  to  change  depending  on 
the  validity  of  our  assumptions  which  remain  to  be 
checked  through  isothermal  annealing.  Nevertheless,  the 
activation  energy  of  1.2eV  agrees  closely  with  values 
obtained  from  neutron  and  electron  irradiation  of 
silicon  and  is  associated  with  the  onset  of  divacancy 
migration  [1,10].  The  second  mechanism  remains  to  be 
identified,  however  it  could  be  due  to  divacancy 
dissociation.  The  heat  released  may  be  integrated  to 
yield  the  evolution  of  the  divacancy  concentration  as 
shown  in  Fig.  2.  Of  course,  by  doing  so  we  assume  that 
the  heat  released  is  only  due  to  divacancies,  and  that 
there  is  no  contributions  from  simultaneoulsy  annealing 
interstitials,  for  example. 

The  divacancy  concentration  in  ion  irradiated  sam¬ 
ples,  as  measured  by  FTIR,  is  approximately  1018cm-3, 
while  it  was  about  10 15  cm"3  for  electron  irradiated  Si 
with  similar  fluences  [5].  Fig.  2  shows  the  fraction  of 
remaining  divacancies  as  measured  by  FTIR  and 
calculated  from  the  DSC  curve  from  Fig.  1 .  The  samples 
in  the  first  set  (open  symbols)  were  thinned  to  100  pm 


Fig.  1 .  DSC  scan  of  two  irradiated  samples  at  a  rate  of  40°C/ 
min.  Two  peaks  are  clearly  observable,  one  at  140°C  and  the 
other  at  240°C.  Activation  energies  of  1.2  and  1.5  eV  for  the  two 
processes  respectively  are  obtained  by  fitting  the  peaks  using 
first  order  kinetics  and  a  constant  prefactor  of  15THz. 
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Fig.  2.  Remaining  fraction  of  divacancies  as  measured  by 
FTIR  and  calculated  from  the  DSC  curve  from  Fig.  I.  (A) 
Open  symbols:  100pm  samples  bombarded  with  3.5 MeV 
protons  annealed  15  min  at  the  indicated  temperature.  (B) 
Solid  circles:  300  pm  samples  bombarded  with  8  MeV  protons 
scanned  from  20  C  to  the  temperature  T  and  back  at  a  rate  of 
80  C/min.  The  dotted  line  is  only  a  guide  for  the  eye.  (C)  Solid 
line:  remaining  fraction  of  divacancies  calculated  by  integrating 
the  DSC  curve  in  Fig.  1,  assuming  that  the  heat  released  is 
entirely  due  to  divancy  annihilation. 


and  bombarded  with  3.5  MeV  protons  before  being 
annealed  15  min  at  the  indicated  temperature.  No 
discernable  difference  between  the  three  types  of  silicon 
can  be  observed.  This  either  indicate  that  dopants 
concentration  (<I0I4cm“3)  is  too  low  to  have  an 
influence  on  the  annealing  mechanism  or  that  they  do 
not  play  a  significant  role  in  divacancy  annihilation 
behaviour.  This  curve  is  comparable  to  the  annihilation 
curve  of  neutron  damage  in  silicon  [10]  even  though 
defect  concentrations  were  several  orders  of  magnitudes 
higher  in  this  study. 

For  the  second  set  of  data  (filled  circles),  the  samples 
were  scanned  in  temperature  from  20°C  to  the  tempera¬ 
ture  T  and  immediately  cooled  at  a  rate  of  80°C/min. 
The  sample  therefore  received  an  equivalent  thermal 
treatment  and  the  results  could  then  be  directly 
compared  to  the  third  set  of  data  (solid  line)  calculated 
by  integrating  the  DSC  curve  in  Fig.  1.  If  the  heat 
released  during  annealing  is  entirely  due  to  divacancies 
and  if  the  80°C/min  scan  and  DSC  are  equivalent,  the 
second  and  third  data  set  would  coincide.  Since  they  do 
not,  either  the  kinetics  are  different  or  another  process  is 
emitting  heat  in  the  irradiated  samples.  This  heat  release 


could  be  associated  with  the  background  shown  by  the 
dotted  line  in  Fig.  1  and  must  be  related  to  annihilation 
of  defects  not  visible  by  FTIR. 


4.  Conclusions 

DSC  measurements  clearly  show  two  distinct  peaks  in 
the  heat  released  during  annealing  of  proton  irradiated 
silicon.  The  activation  energies  of  these  peaks  were 
calculated  assuming  first  order  kinetics  and  found  to  be 
approximately  1.2  and  1.5eV.  The  remaining  fraction  of 
divacancies  with  respect  to  annealing  temperature  was 
measured  by  FTIR  and  compared  to  the  remaining 
fraction  of  defects  calculated  from  the  heat  released  in 
DSC.  This  comparison  appears  to  indicate  that  the  heat 
released  during  annealing  is  in  part  due  to  defects  other 
than  the  divacancy.  Our  annealing  measurements  are  in 
agreement  with  previous  work  on  electron  and  neutron 
irradiation  of  Si  in  spite  of  much  higher  defect 
concentrations. 
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Abstract 

The  validity  of  a  single-level  model  to  interpret  temperature  dependences  of  charge  carrier  concentration  in  n-Si 
crystals  irradiated  by  60Co  gamma-rays  is  investigated.  It  is  shown  that  the  consideration  of  a  vacancy-oxygen  complex 
(A-center)  in  silicon  as  an  isolated  monovalent  defect  with  energy  level  close  to  Ec  -0.17  eV  does  not  allow  to  describe 
adequately  Hall  effect  data  for  crystals  in  which  the  A-center  is  dominant.  From  carbon  related  complexes  the  single- 
level  model  is  adequate  only  for  interstitial  carbon  Q.  The  explanation  of  experimental  data  for  a  Q-Cs  complex 
requires  more  complex  models.  The  acceptable  description  of  experimental  dependences  of  n{T)  can  be  achieved  only 
within  the  framework  of  various  two-level  models.  However,  the  acceptance  of  any  of  them  entails  a  conclusion  that  the 
investigated  radiation  defects  are  coupled  in  pairs  even  at  very  low  irradiation  fluences.  ©  2001  Elsevier  Science  B.V. 
All  rights  reserved. 
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1.  Introduction 

For  high-energy  physics,  particle  detectors  are  re¬ 
quired  that  keep  their  efficiency  even  when  the  concen¬ 
tration  of  radiation  defects  exceeds  100  times  the 
concentration  of  doping  impurity  in  weakly  doped 
regions  of  the  detector.  It  stimulated  intensive  investiga¬ 
tions  of  radiation  damage  of  detector-grade  silicon  (see 
review  [1]  and  references  therein).  It  would  seem  that  the 
problem  to  develop  prognostic  models  quantitatively 
predicting  changes  of  performance  characteristics  of 
detectors  under  irradiation  is  quite  easy.  This  opinion 
can  be  based  on  the  knowledge  accumulated  over  more 
than  40  years  of  development  of  radiation  physics  of 
silicon.  Many  efforts  were  spent  for  studies  of  detectors 
by  deep  level  transient  spectroscopy.  Nevertheless,  being 
based  on  the  obtained  data,  it  was  not  possible  to 
establish  a  prognostic  model  which  included  as  initial 
parameters,  at  first,  defect  concentration,  entropy  (AS[) 
and  enthalpy  (AH[)  of  ionization,  capture  cross-sections 
of  charge  carriers  and,  secondly,  used  known  methods  of 
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processes  simulation  in  semiconductor  devices.  The 
models  developed  till  now  have  a  semi-empirical 
character  [1].  This,  in  our  opinion,  can  be  related  to 
incompleteness  of  radiation  defect  models.  So,  for 
example,  for  an  oxygen-vacancy  complex  (A-center), 
two  models  have  been  suggested.  The  first  model,  which 
is  generally  accepted  from  the  very  beginning  of 
radiation  physics  of  silicon,  describes  the  A-center  as  a 
defect  with  an  acceptor  level  near  to  Ec  -0.17  eV  [2].  In 
Ref.  [3]  on  the  basis  of  magnetic  spectroscopy  data  it 
was  substantiated  that  the  A-center  is  an  amphoteric 
defect  with  an  acceptor  level  near  to  Ec  -0.17  eV  and 
donor  level  near  to  Ec  — 0.76eV.  Besides  this  it  is 
necessary  to  take  into  account  that  the  changes  of 
characteristics  of  irradiated  silicon  detectors  are  due  to 
the  combined  effect  of  several  defects  with  close  levels. 
For  n-type  silicon  such  defects  are  the  oxygen-vacancy 
complex  (V-O)  and  an  interstitial  carbon-substitutional 
carbon  complex  (Q-Cs)  which  have  their  acceptor 
levels  close  to  Ec  -0.17  eV  [4].  In  this  case  it  is  difficult  to 
establish  what  defect  determines  the  kinetics  of  degrada¬ 
tion  processes  in  detectors  and  to  optimize  their 
radiation  tolerance.  Therefore,  at  present  there  is  a 
problem  of  developing  methods  to  test  models  of 
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radiation  defects  in  silicon  and  extract  their  parameters 
necessary  for  the  following  simulation  of  detector 
performance  under  irradiation. 


2.  Experimental  results  and  discussion 

Temperature  dependences  of  the  charge  carrier  con¬ 
centration  for  silicon  crystals  irradiated  with  Co-60 
gamma-rays  are  shown  in  Fig.  1.  Czochralski-grown 
(oxygen-rich)  and  float-zone  (oxygen-free)  crystals  were 
used  (parameters  of  samples  and  details  of  experiment 
are  described  in  Refs.  [5,6]).  For  a  preliminary  estima¬ 
tion  of  occupancy  levels  for  radiation  defects  under 
study  it  is  possible  to  use  differential  curves  (Fig.  2).  One 
can  see  in  the  Czochralsky-grown  crystals  a  center  with  a 
level  close  to  £jmax  =  E,  -  0.18eV  labeled  here  as  E  x 
(0.18).  In  the  float-zone  crystals  a  center  with  a  level 
close  to  Eimax  =  £c  -  0. 1 2  eV  (£(0.12))  appeared  im¬ 
mediately  after  irradiation  at  200  K.  After  annealing  at 
375  K  it  disappeared  and  the  appearance  of  a  new  defect 
£(0.16)  is  observed. 

The  behavior  of  both  types  of  crystals  is  familiar  and 
well-known  from  the  literature.  In  oxygen-rich  silicon 
the  oxygen-vacancy  complex  (the  A-center)  is  formed. 
The  concentration  of  other  defects  is  negligibly  small. 


temperature,  K 

Fig.  1.  Temperature  dependences  of  the  carrier  concentration 
in  n-Si  with  high  (a)  and  low  oxygen  content  (b):  1  -as-grown 
crystals.  2 — after  gamma-irradiation,  and  3.4  —after  subse¬ 
quent  annealing  at  different  temperatures. 


Fig.  2.  Dependences  of  A„  on  the  distance  (£)  between  the 
conduction  band  bottom  (£c)  and  the  Fermi  level  (£t.)  for 
interstitial  Q  (1)  and  Cj-Cs  (2)  calculated  from  the  2nd  and  3rd 
curves  of  Fig.  1(b),  for  O  -V  (3)  complex  calculated  from  curve  2 
of  Fig.  1(a). 


The  A-center  is  annealed  at  T  >  300  C.  Formation  of 
new  electrically  active  defects  is  not  observed  with  Hall- 
effect  measurements.  In  oxygen-free  crystals  interstitial 
carbon  (Q)  with  occupancy  level  at  £c  -  0.12eV  (£(12)) 
and  a  phosphorus-vacancy  complex  (E-center)  with  an 
occupancy  level  at  £c  -0.4eV  are  observed  after  low 
temperature  irradiation.  At  temperatures  higher  than 
300  K,  Cj  becomes  mobile.  Migrating  in  the  lattice  it  is 
trapped  by  a  substitutional  carbon  atom  (Cs).  As  the 
result  a  Q—  Cs  complex  with  an  energy  level  of 
£c  — 0.16eV  is  formed.  As  the  annealing  temperature 
is  raised  to  400  K,  the  E-center  starts  to  anneal  and  the 
charge  carrier  concentration  is  increased.  Simulta¬ 
neously  the  concentration  of  £(0.16)  decreases,  and  the 
new  defect  with  an  energy  level  of  £c  -  0.20  eV  (£(0.20)) 
appeared.  The  different  amplitudes  of  the  A,f(F)  graphs 
in  Fig.  2  are  explained  within  the  framework  of  a  single- 
level  model  as  due  to  different  values  of  ionization 
entropy  of  the  defects  (ASf).  The  less  A S{,  the  lower  the 
maximum  value  of  A //(F). 

It  seems  that  the  best  way  to  estimate  the  adequacy  of 
models  used  for  interpretation  of  Hal!  effect  data  is  the 
method  of  least  squares  with  the  subsequent  analysis  of 
residuals.  Different  suggestions  on  numbers  of  simulta¬ 
neously  ionized  defects  and  of  their  charge  states  were 
used  in  this  work.  Concentration  of  charge  carriers  can 
be  calculated  from  the  neutrality  equation.  When  in  a 
semiconductor  two  simple  centers  (Nv  and  /Vp)  and  an 
amphoteric  (N{)  center  are  available  this  equation  reads 

Anet  (T,£,X7)  +  yv(/,(r,£,xp) 

+  jV/2(7\  £,  Xv), 


(1) 
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where  f\  and  /2  are  occupation  functions  of  single-  and 
two-level  centers,  respectively,  X  is  a  vector,  whose 
components  are  ionization  entropies  and  enthalpies  of 
the  centers  etc.). 

The  simplest  of  the  used  models  is  a  single-level  one 
when  the  change  of  carrier  concentration  with  tempera¬ 
ture  is  due  to  ionization  of  one  simple  monovalent  defect 
(Aa/0,  Np  =  0,  Ny  =  0).  The  second  model,  utilized  by 
us,  is  two-level  I,  in  which  ionization  of  two  simple 
defects  with  close  levels  is  considered 
( jVa  ^  0,  TVp  #  0,  Ny  —  0).  The  third  model  is  two-level  II 
when  ionization  of  one  divalent  center  takes  place 
Wx  =  0,iVp  =  0,  iVy^O). 

The  application  of  least  squares  method  to  Hall  effect 
data  consists  in  finding  the  minimum  value  of  objective 
function 


fi(X)  = 


^fit(F/,Xjv)  wexp  iXi) 

«fit(7f,Xjv) 


(2) 


where  Xjy  is  the  X  vector  extended  with  concentrations 
of  centers  (Na,  Ap,  Ny).  The  nexp(T/)  quantity  is  experi¬ 
mentally  measured  value  of  carrier  concentration  at  the 
temperature  of  77,  and  ^nt(^)  is  a  value  calculated  from 
the  appropriate  neutrality  equation  setting  temperature 
as  Tj,  and  parameters  of  defects  as  X.  Secondly,  after 
finding  the  minimum  of  the  objective  function  the 
analysis  of  an  error  distribution  of  measurements  is 
carried  out. 

Residuals  included  in  Eq.  (2)  can  be  represented  as 
Si  =  <5 /random  +  <5/bias.  A  random  component  ^random  is 
connected  to  fluctuations  of  the  current  and  Hall  voltage 
during  measurements.  The  biases  determine  the  value  of 
<5 /bias  (for  more  extended  discussion  of  errors  see  Ref. 
[5]).  As  measurements  of  nex p  at  every  temperature  7)  are 
independent  from  each  other,  random  component  of 
residual  is  dominant  and  the  graph  5j(T)  will  look  like  a 
random  variable  with  zero  mean  and  approximately 
equal  numbers  of  positive  and  negative  values.  If  the 
model  used  to  interpret  experimental  data  is  not 
true  then  a  trend  (nonrandom  component)  in  <5,(77 
appears. 

For  the  A-center  first  of  all  we  estimate  applicability 
of  the  single-level  model  with  parameters  determined  by 
Wertheim  in  Ref.  [7]:  A/7j  =  0.160eV  and 
AS,  =  -1.3keV/K.  As  obvious  from  Fig.  3  (curve  2) 
this  model  results  in  too  large  values  <5/  and  a 
nonrandom  course  of  the  <5/(77  dependence.  The 
application  of  the  single-level  model  with  minimization 
of  all  parameters  gives  estimations  of  A//i  =  0.145eV 
and  AS\  =  -2.3  k  eV/K  (the  scattering  of  their  experi¬ 
mental  values  is  shown  in  Fig.  4)  which  agree  with  the 
results  obtained  in  Ref.  [8]  for  low  irradiation  doses. 
However,  the  estimated  value  of  ionization  enthalpy 
does  not  agree  with  the  value  AH,  =  0.17eV  determined 
from  measurements  of  strongly  compensated  crystals  [8]. 


Fig.  3.  Temperature  dependences  of  relative  residuals  <5(77  f°r 
fitting  by  single-level  (a)  and  two-level  (b)  models.  Curve  1  (a) 
represents  residuals  for  the  Q-Cs.  Other  data  are  for  the 
A-center.  For  additional  explanations  see  the  text. 


ionization  entropy, eV/K 


Fig.  4.  Entropies  and  enthalpies  of  the  A-center  ionization 
estimated  by  the  single-  (1)  and  two-level  II  (2,3)  models. 


Distribution  of  residuals  is  not  random  (Fig.  3(a), 
curve  3)  and  their  values  are  more  than  expected  ones 
[5].  It  allows  us  to  draw  a  conclusion  on  inapplicability 
of  the  single-level  model  to  describe  occupancy  function 
of  the  A-center. 

Both  two-level  models  result  in  much  smaller  values  of 
residuals  (Fig.  3(b),  curves  2  and  3).  The  following 
parameters  of  defects  are  obtained.  For  two-level 
model  I  they  are  AS\  =  (-0.3  ±0.7)  keV/K,  AH,  = 
0. 159  + 0.009  eV,  AS*  =  (+0.8 +  0.4)  keV/K  AH,  = 
(0.201 +0.01 1)  eV.  For  two-level  model  II: 
ASiA2  =  (-0.7 + 0. 5)  k  eV/K,  AH,  =  (0. 1 56  ±  0.006)  eV, 
ASiAl  =  (+0.2 +0.6)  keV/K  AH,  =  (0.202  +  0.01 1)  eV. 
According  to  the  values  of  residuals,  both  models  are 
acceptable. 
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While  analyzing  data  for  interstitial  carbon  £(0.12)  it 
is  necessary  to  take  into  account  that  in  float-zone 
crystals  along  with  carbon  related  centers  the  A-center 
can  be  also  formed.  Though  in  such  crystals  its 
concentration  is  small,  its  presence  reveals  in  a  high- 
temperature  tail  of  Aj(£)  dependence  (Fig.  2,  curve  1). 
Therefore,  two-level  model  with  fixed  parameters  of  one 
defect  (A-center)  is  to  be  used  for  data  analysis.  In 
following,  this  model  is  called  a  quasi-single-level 
model. 

For  Cj  the  values  A//j  =  0.1 14eV  and  AS;  = 
-0.7keV/K  are  obtained.  The  value  of  ionization 
entropy  is  equivalent  to  a  degeneracy  factor  of  g  =  \  as 
expected  from  the  data  of  electron  spin  resonance 
experiments.  The  value  of  ionization  enthalpy  perfectly 
coincides  with  the  activation  energy  of  electron  emission 
from  £(0.12)  measured  in  Ref.  [9].  So  the  occupancy 
function  of  C;  is  well  described  by  single-level  model. 

For  the  Q-Cs  complex  the  quasi-single-level  model 
also  results  in  small  values  of  residuals  (Fig.  3(a),  curve 
1).  Estimated  values  for  the  defect  parameters  are 
A//;=0.125eV  and  AS;  =  -3.2k V/K.  They  do  not 
agree  however  with  the  data  obtained  in  other  papers  [4]. 
In  our  opinion  such  a  small  value  of  ionization  entropy 
cannot  be  explained  theoretically.  More  extendend 
analysis  of  the  Hall  data  for  float-zone  silicon  will  be 
published  later  [6]. 

Thus,  it  is  possible  to  make  a  conclusion  that  from  all 
the  considered  centers  only  interstitial  carbon  behaves  as 
a  simple  monovalent  defect.  More  studies  are  required 
to  establish  the  actual  models  for  the  V-O  and  Q-Cs 
complexes. 

Till  now  all  experimental  data  concerning  the  A- 
center  in  silicon  were  interpreted  within  the  framework 
of  a  single-level  model.  A  more  or  less  consistent  picture 
was  developed  to  describe  changes  of  electrical  char¬ 
acteristics  of  the  irradiated  Czochralski-grown  silicon. 
However,  some  experimental  data  are  not  satisfactorily 
explained  within  the  framework  of  the  single-level 
model.  First  of  all  those  are  the  data  on  changes  of 
ESR  signal  intensity  of  the  A-center  with  irradiation 
fluence  [5],  The  application  of  the  two-level  models 
provides  new  capabilities  to  solve  such  problems. 

It  is  necessary  to  select  the  most  adequate  model  from 
the  suggested  ones.  Both  models  suit  to  interpret  the 
obtained  Hall-effect  data.  But,  as  shown  in  Ref.  [5] 
within  the  framework  of  the  model  of  two  independent 
defects  it  is  difficult  to  achieve  the  agreement  with  data 
obtained  by  other  methods.  That  is,  the  model  of  two 
coupled  levels  is  preferable.  However  within  the  frame¬ 
work  of  this  model  two  different  assumptions  on 
properties  of  the  A-center  are  possible.  The  first  one  is 
the  assumption  of  the  amphoteric  character  of  the  A- 
center  which  was  made  in  Ref.  [5],  The  second 
assumption  is  less  obvious.  As  is  known  from  studies 
of  amorphous  silicon  [10],  a  pair  of  simple  defects 


behaves  similarly  as  a  divalent  center  and  is  character¬ 
ized  by  just  the  same  occupancy  function.  So  one  can 
interpret  our  data  with  an  assumption  that  all  the  A- 
centers  are  coupled  in  pairs.  Let  us  note  that  this 
assumption  better  agrees  to  the  generally  accepted 
mechanism  of  V-O  complex  annealing  [11].  However, 
it  requires  a  suggestion  of  a  possible  coupling  mechnism. 

However  the  acceptance  of  the  second  assumption 
needs  finding  a  mechanism  of  pair  correlation  of  these 
radiation  defects.  As  shown  above,  one  possible  inter¬ 
pretation  of  the  obtained  data  is  the  assumption  that  the 
A-centers  are  coupled  in  distant  pairs.  However  it 
appears  that  the  model  of  an  amphoteric  defect  also 
entails  the  requirement  about  a  pair  correlation  of 
radiation  defects  [5], 

In  general  on  the  basis  of  all  available  data  it  is 
impossible  to  decide,  which  of  the  offered  models  is  most 
adequate.  To  solve  this  problem  more  extensive  studies 
with  application  of  different  experimental  techniques  are 
demanded. 

3.  Conclusion 

In  this  paper  radiation  defects  in  silicon  crystals 
irradiated  with  gamma-rays  Co-60  are  investigated  using 
Hall  effect  measurements.  The  oxygen-vacancy  complex 
prevails  in  the  crystals  with  high  oxygen  content  and 
carbon  related  centers  (interstitial  carbon  Q  and  pair 
Cj-Cs)  are  dominant  in  oxygen-free  crystals. 

With  use  of  a  least  squares  method,  the  validity  of  the 
single-level  model  to  describe  the  occupation  function  of 
these  defects  is  tested.  It  is  established  that  this  model 
can  satisfactorily  describe  only  the  data  for  Cj.  For  the 
two  other  centers  it  is  necessary  to  apply  different  two- 
level  models.  To  come  to  an  agreement  of  any  of  the 
two-level  models  with  other  data  the  assumption  about  a 
pair  correlation  of  radiation  defects  in  silicon  is 
required. 

However,  the  available  data  on  the  occupancy  levels 
of  the  O-V  and  C;— Cs  complexes  cannot  be  unambigu¬ 
ously  interpreted. 
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Abstract 

We  performed  a  theoretical  investigation  on  the  interaction  of  arsenic  impurities  with  a  30"  glide  partial  dislocation  in 
silicon.  Our  calculations  were  performed  by  ab  initio  total  energy  methods,  based  on  the  density  functional  theory  and 
the  local  density  approximation.  We  find  that  an  arsenic  atom,  in  a  crystalline  position,  gives  away  one  electron  to  the 
dislocation,  becoming  positively  charged  while  the  dislocation  core  is  negatively  charged.  The  interaction  between 
arsenic  and  the  core  is  essentially  electrostatic,  which  leads  to  arsenic  segregation,  (fj  2001  Elsevier  Science  B.V.  Ail 
rights  reserved. 
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Dislocations  are  extended  defects  which  are  present  in 
most  crystalline  solids.  In  semiconductors,  they  play  an 
important  role  in  the  electronic  properties  of  the 
material  [I].  When  dislocations  are  present  in  the  active 
regions  of  the  electronic  devices,  they  gives  rise  to 
leakage  currents,  as  a  result  of  dopant  diffusion  along 
the  dislocation  cores.  On  the  other  hand,  dislocations 
are  sometimes  intentionally  introduced  far  from  the 
device  active  region  to  serve  as  sinks  to  undesirable 
impurities.  In  such  context,  the  interaction  of  disloca¬ 
tions  with  point  defects  has  received  great  attention 
recently  [2.3]. 

In  silicon,  as  well  as  in  other  zinc-blende  semiconduc¬ 
tors,  dislocations  generally  belong  to  the  {111}  glide 
sets  [4],  lying  along  the  <110)  directions.  It  is 
energetically  favorable  for  (screw  and  60  )  dislocations 
to  dissociate  into  (30 '  and  90")  partial  dislocations,  with 
a  stacking  fault  between  the  partials  [5].  Dislocations 
move  conservatively  by  thermally  assisted  formation 
and  propagation  of  kinks  [6],  with  the  dislocation 
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velocity  given  by  [4]: 

if)-  <” 

where  r(l  is  a  constant,  Q  is  the  activation  energy,  and  A'u 
is  the  Boltzmann  constant.  Dopants  can  alter  this 
dislocation  activation  energy.  While  Q  =  2.2  eV  in 
undoped  silicon,  it  may  decrease  by  as  much  as  0.5  eV 
[7,8]  in  n-type  doped  silicon.  On  the  other  hand,  in  p- 
type  silicon,  high  concentrations  of  acceptor  impurities 
increase  the  activation  energy. 

The  interaction  between  dislocations  and  dopants 
could  manifest  itself  as  a  non-local  or  as  a  local  effect. 
The  non-local  effect  results  from  the  displacement  of  the 
Fermi  level  due  to  donor  and  acceptor  doping.  Accord¬ 
ing  to  that  model,  the  increase  (decrease)  in  the 
dislocation  mobility  is  a  result  of  negatively  (positively) 
charged  dislocation  cores,  which  decrease  (increase) 
kink  formation  and  migration  energies  [9].  The  local 
effect  would  be  the  result  of  segregation  of  impurities  in 
the  dislocation  core.  For  the  dislocations  to  move,  they 
should  first  break  away  from  the  impurity  clouds  which 
form  in  and  around  the  dislocation  cores.  Therefore, 
dopant  segregation  towards  the  dislocation  core  controls 
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the  dislocation  pinning.  Measurements  have  shown  that 
the  binding  energies  of  impurities  in  the  dislocation  core 
are  as  large  as  0.5  eV  [10]. 

Here,  we  have  used  ab  initio  total  energy  calculations 
[11,12]  to  investigate  the  arsenic  interaction  with  the 
core  of  a  30°  partial  dislocation  in  silicon.  We  used  a 
reference  orthorhombic  periodic  simulation  cell  with  192 
atoms,  in  which  a  30°  partial  dislocation  dipole  was 
introduced  by  displacing  the  atoms  according  to  the 
solution  for  the  displacement  field  of  a  dislocation  [4]. 
Fig.  1  shows  the  simulation  cell  from  three  different  side 
views.  The  cell  geometry  is  such  that  the  dislocations  of 
the  dipole  are  four  lattice  parameters  apart  along  a 
<112)  direction  (about  13.5  A)  in  the  glide  plane, 
which  is  enough  to  prevent  core-core  interactions. 
Arsenic  atoms  were  introduced  in  different  sites  of  the 
simulations  cell.  Of  particular  interest  was  the  arsenic 
segregation  energy,  i.e.,  the  total  energy  difference 
between  a  configuration  with  the  arsenic  impurity  in  a 
crystalline  site  (the  farthest  position  aways  from  the 
dislocation  core)  and  one  with  the  arsenic  sitting  inside 
the  dislocation  core  [3]. 

Our  calculations  were  performed  by  a  two-step 
relaxation  procedure,  first  using  an  empirical  potential 
and  later  ab  initio  methods.  For  the  configurations 
shown  in  Fig.  1,  we  initially  relaxed  the  atomic  positions 
using  an  empirical  potential  [13,14]  combined  with  a 
conjugate  gradient  minimization  method.  The  output 
configurations  were  used  as  input  to  the  ab  initio 
calculations,  where  the  atomic  relaxation  was  based  on 
the  Hellmann-Feynman  forces.  The  initial  relaxation, 
based  on  the  empirical  potential,  saved  considerable 
computational  effort  in  the  ab  initio  calculations,  by 
releasing  most  of  the  stress  generated  by  the  disloca- 


Fig.  1.  Atomic  configuration  of  a  dislocation  in  the  {111} 
glide  plane.  x,  y,  and  2  axes  are  respectively  parallel  to  the 
[1  1  2],  [1  1  1],  and  [I  1  0]  directions  of  the  zinc-blende  lattice. 
The  figure  shows  three  configuration  side  views:  (a)  a  plane 
normal  to  the  dislocation  line  (xy-plane),  (b)  the  glide  plane 
where  the  dislocation  belongs  to  (xz-plane),  and  (c)  the  plane 
along  the  dashed  line  (zy-plane). 


tions.  The  ab  initio  calculations  were  performed  within 
the  density  functional  theory  in  the  local  density 
approximation.  The  Kohn-Sham  equations  for  the 
electrons  of  the  system  were  solved  using  the  Car- 
Parrinello  method  [12,15]  with  norm-conserving  pseu¬ 
dopotentials  [16,17].  The  electronic  wave  functions  were 
expanded  in  a  plane-wave  basis-set  with  kinetic  energy 
up  to  12  Ry.  The  sampling  in  the  Brillouin  zone  was 
performed  using  the  T-point.  Atomic  relaxations  were 
performed  until  the  Hellmann-Feynman  forces  were 
smaller  than  0.02  eV/A  in  all  atoms. 

We  first  considered  a  configuration  with  the  arsenic 
impurity  in  a  crystalline-like  position,  the  farthest 
position  (inside  the  simulation  cell)  away  from  the 
dislocation  core.  This  configuration  is  indicated  by 
atomic  position  number  1  in  Fig.  la.  For  such  config¬ 
uration,  we  observed  that  the  arsenic  impurity  gives 
away  one  electron  becoming  positively  charged.  This 
charge  is  captured  by  the  dislocation  core,  occupying  a 
dislocation-related  level  [18].  In  a  reconstructed  core,  the 
first  unoccupied  level  has  a  spatial  dispersion  inside  the 
dislocation  line,  with  an  antibonding  character  with 
relation  to  the  reconstructed  dimers.  As  a  result,  the 
dislocation  core  will  become  negatively  charged.  These 
results  are  in  agreement  with  recent  measurements  which 
found  that  dislocation  cores  are  negatively  charged  in 
doped  semiconductors  [19].  The  arsenic  segregation 
energy  was  computed  by  comparing  the  total  energies 
between  configurations  with  the  arsenic  in  the  crystalline 
environment  (position  1)  and  in  the  dislocation  core 
(position  2).  We  find  a  segregation  energy  of  0.18  eV. 
This  result  is  consistent  with  other  theoretical  investiga¬ 
tions  on  arsenic  interaction  with  a  90°  partial  disloca¬ 
tion,  in  which  segregation  energy  of  about  0.15  eV  was 
found  [20]. 

The  interaction  leading  to  arsenic  segregation  in  the 
dislocation  core  is  typically  electrostatic.  This  interac¬ 
tion  may  be  interpreted  within  a  donor-acceptor  model, 
or  an  ionic  model  [21].  In  that  case,  the  acceptor  level  is 
the  dislocation-related  antibonding  level  and  the  donor 
is  the  arsenic  level.  The  donor  level  inside  the  materials 
gap  is  shifted  deeper  in  the  gap,  and  therefore 
deactivated,  by  the  interaction  with  the  acceptor.  The 
donor  level  (Ed)  inside  the  materials  gap  is  given  by  [21] 

Ed  =  E r£.  +  Ee i  -F  Ec,  (2) 

where  E is  the  donor  level  for  the  isolated  arsenic,  Ee \ 
is  the  elastic  interaction  of  the  arsenic  with  the  host 
lattice,  and  Ec  is  the  Coulomb  interaction  between  the 
negatively  charged  dislocation  core  and  the  positively 
charged  donor.  The  shift  in  the  donor  level  (with 
relation  to  the  isolated  arsenic)  is 

AEd=AEd+AEc.  (3) 

We  found  that  the  arsenic  presence  distorts  only 
slightly  the  lattice  in  either  a  crystalline  site  or  inside  the 
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dislocation  core,  as  compared  to  the  respective  atomic 
configurations  without  arsenic.  Arsenic  in  position  1 
(Fig.  1)  does  not  break  the  local  symmetry,  only  relaxing 
the  first  neighbors  to  2.40  A,  compared  to  2.35  A  for  the 
crystalline  interatomic  distance  in  Si.  Arsenic  in  position 
2  also  keeps  the  symmetry  of  the  dislocation  core  dimer. 
Distance  in  the  dimer  (2, 3)  changes  from  2.45  A  in  pure 
silicon  to  2.50  A  with  the  arsenic  impurity  in  position  2. 
Elastic  interaction  between  arsenic  and  the  lattice  is 
negligible.  Therefore,  we  can  assume  that  A£C|^0,  and 
the  shift  of  the  donor  level  essentially  results  from  a 
Coulomb  interaction  [22].  In  that  sense,  we  speculate 
that  the  shift  in  the  donor  level  is  essentially  determined 
by  the  arsenic  segregation  energy. 

Table  1  presents  the  segregation  energies  for  arsenic 
atoms  and  arsenic  pairs.  It  is  energetically  favorable  for 
an  arsenic  pair  to  segregate  in  the  dislocation  core, 
sitting  in  (2,3)  atomic  positions.  However,  once  the 
arsenic  pair  is  in  the  dislocation  core,  it  is  energetically 
favorable  that  this  pair  dissociates,  with  the  arsenic 
sitting  in  (2,4)  positions.  Since  the  two  arsenic  atoms  in 
the  dislocation  core  are  isoelectronic,  they  repel  each 
other  by  a  Coulomb  interaction,  lowering  the  total 
energy  of  the  system.  Fig.  2  shows  the  total  electronic 
charge  distribution  for  the  dislocation  containing  one 
arsenic  or  one  arsenic  pair  in  the  dislocation  core.  When 
arsenic  atoms  are  paired  in  the  dislocation  core  they 
keep  a  reconstruction-like  configuration,  although 
they  are  weakly  bonded.  This  configuration  is  consistent 


Table  1 

Total  energy  change  (Esl.j,)  in  the  system  for  arsenic  segregation 
in  the  dislocation  core,  and  the  distance  between  arsenic  and  its 
first  neighbors.  The  first  column  shows  the  position  of  the 
arsenic  atoms  (according  to  Fig.  1).  For  a  single  arsenic, 
distances  (d)  are  from  its  first  neighbors,  while  for  arsenic  pairs 
distances  are  between  the  two  arsenic.  Energies  arc  given  in  eV 
and  distances  in  A 


Esc. 

d 

(1) 

0.00 

2.40 

(2) 

-0.18 

2.50 

(U*) 

0.00 

(1,2) 

-0.67 

(2,3) 

-0.72 

2.62 

(2,4) 

-1.09 

2.50 

- w 

Fig.  2.  Electronic  charge  distribution  in  the  rv-plane  (as  shown 
in  Fig.  lc):  (a)  total  charge  distribution  for  the  pure  silicon 
system  with  the  reconstruction  core  bond  (as  represented  by 
bonds  between  atoms  2  and  3  and  between  atoms  4  and  5);  (b) 
total  charge  distribution  of  the  system  containing  one  arsenic 
atom  in  the  dislocation  core:  and  (c)  total  charge  distribution  of 
the  system  containing  an  arsenic  pair  in  the  dislocation  core. 
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with  arsenic  pair  segregation  in  grain  boundaries  in 
silicon  [23]. 

In  summary,  we  have  investigated  the  electronic  and 
structural  properties  of  arsenic  interaction  with  the  core 
of  a  30°  partial  dislocation.  Our  results  on  segregation 
towards  the  30°  partial  dislocation  is  consistent  with 
theoretical  investigations  on  dopant  segregation  in  other 
extended  defects  in  silicon  [3,23,24]  and  in  gallium 
arsenide  [25].  We  also  find  that  when  an  arsenic  impurity 
is  near  the  dislocation  core,  there  is  charge  transfer  from 
the  arsenic  to  the  dislocation,  leaving  the  dislocation 
core  negatively  charged  [19].  As  a  result,  the  dislocation 
Fermi  level  is  raised  by  the  arsenic  presence.  Although 
this  is  consistent  with  experimental  findings,  we  still 
cannot  elaborate  on  the  role  of  this  effect  in  the 
energetics  of  kink  formation  and  migration  [9]. 
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Abstract 

Hydrogen  and  oxygen  doped  FZ-Si  samples  with  a  high  concentration  of  intrinsic  defects  and  contaminant  atoms  can 
be  considered  as  a  model  bulk  system  for  the  subsurface  device-active  region  of  contemporary  Cz-Si  wafers.  We 
investigated  the  creation  of  vacancy  related  complexes  and  the  carrier  recombination  process  in  such  samples  using 
infrared  absorption  and  spin  resonance  measurement  methods.  Both  the  defect  creation  and  carrier  recombination 
processes  were  found  to  be  affected  by  the  presence  of  hydrogen  or  deuterium  in  the  samples.  Moreover,  we  detected  an 
isotopic  effect,  namely,  a  significant  difference  in  the  influence  of  hydrogen  and  deuterium.  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Si;  Vacancies;  Hydrogen;  Deuterium 


1.  Introduction 

Technological  progress  has  brought  about  changes  in 
the  fabrication  of  semiconductor  devices:  the  active  area 
of  a  device  persistently  ascends  towards  the  surface  of 
Cz-Si  wafers.  The  environment  of  the  wafer  subsurface 
region  differs  drastically  from  the  bulk:  oxygen  concen¬ 
tration  is  significantly  reduced  due  to  out-diffusion; 
concentrations  of  intrinsic  defects  (self-interstitials  and 
vacancies)  and  contaminants  are  increased.  Numerous 
technological  processes,  such  as  dry  etching,  irradiation, 
dopant  in-diffusion,  etc.,  cause  an  additional  increase  in 
the  intrinsic  defect  concentration  and  “contamination” 
of  the  subsurface  region  by  hydrogen  [1,2].  Thus,  in  the 
subsurface  region,  defect  formation  mechanisms  and 
defect  structure  may  differ  significantly  from  those  in  the 
wafer  bulk.  Investigation  of  the  subsurface  region  with 
traditional  “volume  sensitive”  methods  (ESR,  FT-IR, 
etc.)  can  only  be  done  using  simulative  bulk  samples. 
From  the  above,  it  follows  that  FZ-Si  samples  doped 
with  oxygen,  hydrogen  and  contaminants  and  subjected 
to  irradiation  can  simulate  the  device-active  region. 
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The  effect  of  hydrogen  on  the  defect  creation, 
structure  and  properties  in  Si  remains  controversial 
[1-3].  Hydrogen  in  silicon  passivates  dopants,  dang¬ 
ling  bonds  and  deep  level  defects,  creates  various 
complexes  with  intrinsic  defects,  affects  oxygen  diffusion 
and  thermal  donor  creation,  actively  interacts  with 
transition  metal  atoms,  and  creates  extended  electrically 
active  platelet  defects.  Strong  isotope  effects  connected 
with  hydrogen  have  also  been  observed  [4-6].  The 
difference  between  the  strength  of  Si-H  bond  and  that  of 
Si-D  has  been  proposed  as  a  source  of  hydrogen 
isotopic  effects  [6]. 

In  the  present  work,  we  investigated  the  influence  of 
hydrogen  and  deuterium  doping  on  the  formation  of 
vacancy-oxygen  pairs  (VO)  and  divacancies  (V2)  and  on 
the  carrier  recombination  processes  in  the  systems 
modeling  the  subsurface  layer  of  Cz-Si  wafers. 


2.  Experimental 

Starting  materials  for  our  investigation  were  n-type 
(P-doped,  p  =  1000  and  0.6 Q  cm)  and  p-type  (B-doped, 
p  =  1800  and  1.1  Hem)  FZ-Si.  Sliced  samples,  mechani¬ 
cally  and  chemically  polished,  were  annealed  at  1200'C 
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for  1  h  in  quartz  capsules  filled  with  H2,  D2  or  Ar.  After 
the  annealing,  samples  were  quenched  by  immersion  in 
water.  Annealed  samples  were  subjected  to  irradiation 
with  3-MeV  electrons  at  room  temperature  (e-irradia¬ 
tion).  Total  irradiation  doses  were  dQ  =  5  x  1016  or 
5  x  1 01 7  e/cm2.  After  irradiation,  the  samples  were  kept 
at  temperatures  below  -10°C  in  a  refrigerator.  Below, 
we  will  refer  to  the  samples  using  three  letters  indicating 
conductivity  type  N  or  P,  resistivity  (high — H  or 
low — L)  and  annealing  ambient  (argon — A,  hydro¬ 
gen— H,  and  deuterium — D). 

We  measured  IR  absorption  in  as-grown,  annealed 
and  irradiated  samples.  IR  absorption  spectra  from  the 
specimens  6  x  6  x  12  mm3  in  size  were  measured  at  5K 
using  an  FT-IR  spectrometer  and  a  continuous  helium 
gas-flow  cryostat.  The  resolution  was  0.25  cm-1.  Several 
IR  absorption  peaks  were  monitored:  that  related  to 
interstitial  oxygen  (Oj),  observed  at  a  wavenumber 
1136cm-1,  that  related  to  a  VO  pair,  at  835  cm-1  [7], 
that  related  to  V2,  at  2766  cm-1  [8],  that  related  to  H2,  at 
3618  cm-1  [9],  and  that  related  to  the  H2  complex,  at 
1838  cm-1  [10].  The  relative  intensities  of  FT-IR 
absorption  peaks  were  calculated  by  fitting  of  the 
experimental  absorption  spectra  with  Lorentzian  line- 
shape  peaks.  In  low  resistivity  samples,  FT-IR  measure¬ 
ments  were  hampered  due  to  a  high  level  of  noise  from 
charge  carriers. 

In  the  irradiated  samples,  we  measured  the  ESR  signal 
from  the  excited  triplet  state  of  the  VO  defect,  i.e.,  the 
SL1  spectra  [11].  The  ESR  measurements  were  con¬ 
ducted  at  16  K  on  a  JEOL  X-band  ESR  spectrometer 
using  a  TMon  mode  microwave  (MW)  resonator 
equipped  with  a  continuous  helium  gas-flow  cryostat. 
Samples  3  x  3  x  12  mm3  in  size  were  illuminated  during 
measurements  through  a  window  in  the  resonator.  The 
derivative  of  the  MW  field  absorption  with  respect  to 
magnetic  field  was  measured  using  a  lock-in  amplifier 
and  magnetic  field  modulation  with  an  amplitude  of 
0.2  G  and  a  frequency  of  100  kHz. 

3.  Results  and  discussion 

In  the  present  experiments,  we  did  not  dope  FZ-Si 
samples  with  oxygen  intentionally.  However,  uninten¬ 
tional  doping  of  the  samples  with  oxygen  and  hydrogen 
occurred  from  the  material  of  the  quartz  capsules  during 
high  temperature  annealing.  As  a  result,  Oi  concentra¬ 
tion  in  the  samples  after  annealing  increased  2-3  times 
and  a  H2  related  IR  absorption  peak  appeared  even  for 
the  samples  annealed  in  argon  or  deuterium. 

Intensities  of  the  FT-IR  absorption  peaks  in  various 
samples  after  annealing  and  after  subsequent  irradiation 
are  presented  in  Fig.  1 .  The  fitted  intensity  of  each  peak 
was  normalized  to  that  of  the  strongest  similar  peak  in 
the  samples.  Error  bars  in  the  figure  represent  the  fitting 


Fig.  1 .  Integrated  IR  absorption  peak  intensities  normalized  to 
that  of  the  strongest  similar  peak  in  the  samples,  (a)  Oi  related 
peak  before  (O)  and  after  (•)  irradiation;  (b)  H2  (□)  and  H2 
(★)  related  peaks;  (c)  VO  (O)  and  V2  (♦)  related  peaks.  Lines 
are  presented  to  guide  the  eye. 


errors  of  the  spectra.  After  annealing,  we  detected  peaks 
related  to  O;  and  H2  (D2).  After  irradiation  of  the 
samples,  Oj,  H2,  VO  and  V2  related  peaks  were  detected. 
We  did  not  detect  a  VO  related  peak  in  the  PL#  samples 
after  irradiation  due  to  a  high  level  of  noise  caused  by 
charge  carriers. 

The  most  pronounced  effects  caused  by  hydrogen 
doping  and  isotopes  were  observed  in  the  case  of  VO 
and  V2  defects.  In  the  case  of  the  NH#  samples, 
hydrogen  enhanced  V2  and  suppressed  VO  creation. 
The  effect  of  deuterium  was  similar,  yet  smaller.  For  the 
PH#  samples,  both  VO  and  V2  creation  was  enhanced 
by  hydrogen  and  the  effect  of  deuterium  was  even 
stronger  in  the  case  of  V2.  Similarly,  enhancement 
caused  by  deuterium  was  detected  for  the  V2  related 
peak  in  the  PL#  samples. 

For  the  samples  annealed  in  hydrogen,  the  H2  related 
peak  intensity  was  lower  in  the  case  of  the  PLH  sample. 
This  effect  can  be  attributed  to  the  lower  concentration 
of  the  Frenkel  pairs  in  the  low  resistivity  sample  during 
the  irradiation  [12],  Also,  some  variations  were  detected 
in  Oj  related  peak  intensity  before  irradiation.  Interest¬ 
ingly,  Oi  concentration  significantly  decreased  after 
irradiation  (~ 40-50%).  Furthermore,  no  correlation 
was  observed  between  01  decrease  and  VO  pair  creation. 
Thus,  in  addition  to  the  VO  pair  creation,  there  would 
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Fig.  2.  Relative  intensity  of  the  SL1  signal  in  various  samples 
after  irradiation  (0)  and  normalized  ratio  of  the  SL1  signal 
intensity  to  that  of  the  VO  related  FR-TR  peak  (Y). 


seem  to  be  some  irradiation  or  intrinsic  defect  assisted 
reaction  path,  which  removes  oxygen  atoms  from 
interstitial  sites. 

To  avoid  possible  differences  in  the  Q-factor  of  the 
resonator,  the  amplitude  of  the  SL1  ESR  spectra  was 
normalized  to  the  ESR  signal  from  an  external  standard 
placed  in  the  resonator.  We  compared  intensity  of  the 
ESR  and  FT-IR  signals  from  the  VO  complex  in  high 
resistivity  samples.  The  results  presented  in  Fig.  2  reveal 
that  the  SL1  signal  intensity  does  not  follow  the  VO 
concentration,  but  strongly  depends  on  the  annealing 
ambient  of  the  NH#  samples. 

The  SL1  signal  arises  during  the  recombination 
process  of  the  illumination-excited  charge  carriers 
through  the  (VO)*  excited  triplet  state  [13].  Thus,  the 
presence  of  other  recombination  paths  in  the  sample 
causes  a  decrease  in  the  SL1  signal  intensity.  Simple 
proof  for  such  a  supposition  can  be  obtained  from 
irradiation  dose  dependence  for  a  normalized  ratio  of 
the  SL1  signal  intensity  to  that  of  the  VO  related  FT-IR 
peak  in  Cz-Si  samples  (Fig.  3).  The  ratio  monotonically 
decreases  from  unity,  starting  from  the  dose 
r/  =  2-3  x  lO’-'ecirT2,  showing  strong  correlation  with 
the  creation  probability  of  V2.  We  can  suppose  that  in 
the  case  of  NH#  samples,  the  increase  in  the  concentra¬ 
tion  of  divacancies  for  the  D2  and  H2  doped  samples 
may  be  the  reason  for  the  observed  decrease  in  the  SL1 
spectra  intensity. 


4.  Summary 

Significant  effects  connected  with  hydrogen  doping 
and  isotopes  were  detected  in  FZ-Si  samples  for  the 
creation  of  VO  and  V2  defects  under  irradiation.  The 
effects  depend  on  the  type  of  conductivity  even  in 
the  case  of  high  resistivity  samples.  Enhancement  of  the 


Fig.  3.  Irradiation  dose  dependence  for  the  normalized  ratio  of 
the  SL1  signal  intensity  to  that  of  the  VO  related  FT-IR  peak  in 
Cz-Si  samples.  Irradiation  was  done  with  3McV  electrons  at 
RT. 


creation  of  divacancies  and,  probably,  other  recombina¬ 
tion  active  defects  causes  a  decrease  in  the  intensity  of 
the  SL1  ESR  spectra  from  the  excited  triplet  state  of  the 
VO  pair. 

Experiments  on  the  FZ-Si  samples  modeling  the 
subsurface  layer  of  modern  materials  for  device  fabrica¬ 
tion  revealed  interesting  results.  At  present,  it  is  too 
early  to  speculate  about  the  possible  reasons  for  the 
observed  effects.  Further  investigation  is  required  to 
explain  the  origins  of  the  observed  phenomena.  It  would 
be  interesting  to  include  probable  contaminant  atoms, 
such  as  iron,  copper,  etc.,  in  the  investigation. 
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Abstract 

The  formation  of  radiation  defects  in  Sn-doped  Float-Zone  (FZ)  and  Czochralski  (Cz)  n-type  silicon  after  a  high- 
energy  proton  irradiation  is  studied  by  a  combination  of  Deep  Level  Transient  Spectroscopy  (DLTS)  and 
Photoluminescence  (PL).  Besides  the  Sn-V  levels,  evidence  is  found  for  at  least  three  new  Sn-related  radiation  defects, 
two  electron  traps  close  to  the  conduction  band  and  one  hole  trap  close  to  the  valence  band.  No  new  PL  lines  have  been 
identified  so  far  in  Sn-doped  material.  It  is  furthermore  concluded  that  the  Sn-related  radiation  defects  do  not  show 
pronounced  recombination  activity,  in  the  concentration  range  studied.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Tin  vacancy;  Proton  irradiation;  n-type  silicon;  Deep  level  transient  spectroscopy;  Photoluminescence 


1.  Introduction 

It  has  only  recently  become  clear  that  the  Sn-V 
complex  in  irradiated  silicon  has  4  electronic  levels 
in  the  band  gap:  next  to  the  well-known  donor  levels  at 
0.066  and  0.317  eV  above  the  valence  band  [1],  two 
additional  acceptor  levels  have  been  revealed  in  irra¬ 
diated  n-type  silicon,  0.29  and  0.59  eV  below  the 
conduction  band  [2,3].  This  implies  that  Sn-V  is  a 
unique  five  charge-state  centre  in  silicon.  The  aim  of  this 
paper  is  to  compare  the  formation  of  radiation  defects  in 
high  energy  (8  and  60  MeV)  proton  irradiated  n-type  Cz 
and  FZ  silicon,  doped  with  Sn  in  the  melt  to  concentra¬ 
tions  in  the  range  ~1018cm-3.  As  reference  material, 
tin-free  n-type  FZ  and  Cz  silicon  has  been  irradiated,  in 
order  to  study  the  impact  of  Sn-doping  on  the  formation 
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of  cluster  damage.  DLTS  and  PL  spectroscopy  have 
been  applied  to  investigate  the  created  radiation  defects. 
Beside  the  Sn-V  related  deep  levels,  evidence  will  be 
provided  for  the  introduction  of  other  Sn-related 
defects,  at  Ec-  0.074  eV,  Ec-  0.083  eV  and  at  Ev+ 
0.18eV;  their  identity  will  be  discussed.  From  PL  at 
12  K,  further  evidence  is  provided  that  the  presence  of 
Sn  reduces  the  optical  recombination  activity  of  radia¬ 
tion  defects  and  defect  clusters,  compared  with  tin-free 
material. 


2.  Experimental 

Details  about  the  samples  studied  are  given  in  Table  1, 
indicating  that  the  doping  density  of  all  silicon  material 
is  about  ~10,4cm~3  n-type.  The  Sn-concentration  has 
been  measured  by  SIMS.  Standard  capacitance  DLTS 
characterisation  before  and  after  proton  exposure  was 
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Table  1 


Description  of  the  samples  used  in  the  DLTS  analysis  of  proton-radiation  induced  defects  in  n-type  tin-doped  or  tin-free  silicon 


Substrate  [Sn]  (cm  ?) 

Device 

ND  (  x  1 01 4 cm 

Irradiation 

Prc 

Post 

Energy  (MeV) 

Fluence  (  x  101 1  cm  2) 

n-FZ  no 

1  mnr  p  n 

— 

1.0 

60 

1.0 

n-FZ  no 

1  mnr  p-n 

— - 

1.2 

61 

5.0 

n-FZ  (101S) 

3.14  mm2  Au 

2.7 

0.05 

8 

52.0 

n-FZ  (I01S) 

3. 14  mnr  Au 

2.6 

1.9 

60 

1.0 

n-Cz  no 

3.14  mnr  Au 

1.9 

1.6 

60 

1.0 

n-Cz  1.7  x  10,s 

3. 14  mnr  Au 

0.7 

61 

5.0 

n-Cz  6.5  x  101* 

3.14  mnr  Au 

1.2 

— 

61 

5.0 

performed  either  on  2  mm  diameter  Au  Schottky 
barriers  or  on  I  mnr  p-n  junctions.  The  latter  have 
been  processed  on  the  tin-free  FZ  references.  In  order  to 
reveal  the  presence  of  hole  traps  in  the  Schottky  diodes, 
an  optical  injection  pulse,  generated  by  a  laser  diode 
operating  at  a  wavelength  of  895  nm,  was  used. 

Proton  irradiations  have  been  performed  at  different 
facilities.  The  60-61  MeV  exposures  took  place  at  the 
Cyclone  cyclotron  at  Louvain-la-Neuve,  while  the 
8  MeV  irradiations  were  done  at  the  TANDEM  accel¬ 
erator  at  Demokritos  in  Athens.  No  bias  was  applied  to 
the  diodes. 

Photoluminescence  characterisation  was  performed  at 
12K,  using  carrier  excitation  by  a  488  nm  Ar  laser, 
operated  at  50  mW  power.  The  Schottky  barrier  or  p-n 
junction  were  removed  by  polishing  and  etching,  in 
order  to  have  acceptable  surface  recombination  for  PL. 

3.  Results 

3.1.  Pre-irradiation  characterisation 

Before  irradiation,  there  are  already  some  deep  levels 
present  in  the  starting  material.  An  example  is  given  in 
Fig.  1  for  Sn-doped  FZ  and  Cz  (abbreviated  FZ :  Sn  or 
Cz:Sn).  The  dominant  peak  at  about  70  K  in  Cz:Sn 
corresponds  with  the  second  donor  level  of  the  oxygen 
thermal  donors  at  Ec  -  0.139eV,  as  discussed  elsewhere 
[2].  Typical  concentrations  are  in  the  range  of  about 
10%.  It  has  been  shown  in  addition  that  there  is  little 
interaction  with  the  radiation  defects  [2].  The  apparent 
activation  energies  of  the  other  two  levels  are  0.142  and 
0.165eV;  the  latter  peak  could  coincide  with  the  V-0  or 
A  centre.  It  is  not  believed  that  the  as-grown  defects  are 
Sn-related  as  a  very  similar  spectrum  has  been  found  for 
the  tin-free  Cz  reference  material.  As  can  be  seen  from 
Fig.  1,  no  deep  levels  are  observed  within  the  sensitivity 
limits  of  DLTS  above  1 10  K. 

The  case  is  different  for  the  FZ :  Sn  sample,  where 
three  peaks  are  observed  before  irradiation.  They  have 
apparent  activation  energy  of  0.073,  0.143  and  0.563  eV 


0  50  100  150  200  250  300 


Temperature  (K) 

Fig.  1.  DLT-spcctrum  of  the  FZ:Sn  and  Cz:Sn  and  the 
tin-free  Cz  n-type  material.  A  l  ms  majority  carrier  pulse  from 
-4  to  0  V  was  employed. 

and  appear  to  be  typical  for  as-grown  n-type  high-purity 
FZ  silicon  [4,5].  Their  origin  has  been  discussed 
elsewhere  [6];  briefly  speaking,  it  is  assumed  that  the 
0.073  and  0.563  levels  are  different  charge  states  of  a 
self-interstitial-related  defect.  The  origin  of  the  0.143eV 
peak  is  un-known.  Based  on  the  Kj  factor  one  can  rule 
out  the  possibility  that  this  level  coincides  with  the 
-  0.142eV  centre  in  Cz:  Sn.  The  shoulder  on  the  left 
of  the  0.143  eV  peak  could  be  C-related  [4,5].  In  the 
reference  FZ  p-n  junctions,  no  deep  levels  were  revealed 
above  the  detection  limit  [7].  In  addition,  PL  analysis 
before  irradiation  did  not  show  up  specific  lines  related 
to  Sn.  It  is,  therefore,  concluded  that  Sn-doping  by  itself 
does  not  introduce  optical  recombination  activity,  in  line 
with  previous  reports  [8]. 

3.2.  Post-irradiation  characterisation 

Fig.  2  summarises  the  4  cases  studied  after  60-61  MeV 
proton  irradiation.  Beside  the  as-grown  peaks,  we  can 
recognise  additional  deep  levels,  some  of  which  are  well- 
established  from  the  past.  The  tin-free  references  are 
characterised  by  the  presence  of  the  A-centre  and  the 
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Fig.  2.  DLT-spectra  at  80  Hz  after  60  MeV  proton  irradiation 
for  a  Sn-free  n-type  FZ  (a)  and  Cz  (b)  sample  and  for  a  tin- 
doped  FZ  (c)  and  Cz  (d)  sample.  The  radiation  fluence  was 
10ncm-2,  except  for  case  d,  where  the  fluence  was  5  times 
higher. 
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Fig.  3.  DLT-spectrum  of  the  n-type  Cz:Sn  samples  before 
irradiation  (Sn2-pre);  after  a  5xlOucm~2  61  MeV  proton 
irradiation  (Snl-Irr);  after  the  same  irradiation  and  a  30  min 
anneal  at  80°C  under  flowing  Ar  (Sn2-A80C);  and  for  the  same 
irradiation,  after  a  30  min  anneal  under  Ar  at  120°C  (Sn2- 
A120C). 


two  acceptor  states  of  the  divacancy  (V-V).  The  single 
acceptor  has  a  higher  magnitude  and  is  broader  than  the 
double  acceptor.  In  addition,  the  CrO,  hole  trap  at 
£v  +  0.35eV  is  found  under  minority  carrier  injection 
conditions  in  the  FZ  and  Cz  material.  The  presence  of 
carbon-related  radiation  defects  is  also  confirmed  by  the 
observation  of  the  0.79  eV  C-  and  the  0.97  eV  G-line  in 
PL  [6,7,9]. 

In  the  Sn-doped  samples,  at  least  four  additional 
electron  traps  can  be  observed  in  Fig.  2  or  3,  two  of 
which  have  been  discussed  in  detail  before  [2,3].  They 
are  ascribed  to  the  single  and  double  acceptor  state  of 


the  Sn-V.  Furthermore,  two  shallow  electron  traps  are 
found  at  Ec  -  0.074  and  0.083  eV,  which  have  only  been 
observed  in  irradiated  Sn-doped  material  (Fig.  3).  As 
can  be  derived  from  Figs.  2  and  3,  they  occur  both  in  Cz 
or  FZ  material,  so  that  a  correlation  with  oxygen  is 
rather  unlikely.  They  are,  therefore,  tentatively  identified 
as  Sn-related  radiation  defects.  Similar  shallow  levels 
have  been  reported  before  in  neutron-irradiated  n-type 
FZ:Sn  [10]. 

Fig.  3  shows  spectra  obtained  after  60  MeV  proton 
irradiation  and  annealing  for  30  min  at  80  or  120°C,  for 
the  Cz :  Sn  samples.  No  results  are  available  for  the 
FZ:Sn  yet.  It  has  been  demonstrated  that  the  Sn-V 
dissociates  below  120°C  for  ~1014cm“3  doped  n-type 
material  [2],  which  was  lower  than  previously  reported 
for  p-type  silicon  [1]  or  for  higher  doped  n-type  Si 
[11,12].  According  to  Fig.  3,  the  shallowest  level 
(0.074  eV)  also  disappears  at  or  below  120°C,  while  the 
second  peak  (0.083  eV)  is  still  observed — even  seems  to 
grow — after  120°C  annealing.  It  is  too  early  to  come  up 
with  a  definitive  identification  of  these  unknown  centres, 
but  at  least  the  second  peak  is  a  candidate  for  one  of  the 
higher  order  Sn,„V/?  defects,  recently  identified  by  EPR 
[13]  and  showing  a  higher  thermal  stability  than  Sn-V.  A 
more  systematic  annealing  study  is  required  to  further 
establish  the  nature  of  the  peaks. 

As  reported  elsewhere  [6],  in  the  8  MeV  proton- 
irradiated  FZ :  Sn  sample,  an  unknown  hole  trap  at 
Ev  +  0.18  eV  has  been  found  as  well.  It  is  also  tentatively 
assigned  to  a  higher-order  tin-vacancy  complex.  Accord¬ 
ing  to  ab  initio  calculations,  SnV2  or  Sn2V2  should  have 
levels  in  both  parts  of  the  band  gap  [14],  which  could  be 
well  in  line  with  the  present  observations. 

Finally,  Fig.  4  compares  the  PL  spectrum  before  and 
after  60  MeV  proton  irradiation  for  a  tin-doped  FZ 
sample.  On  top  of  the  phosphorus-related  excitonic 


Fig.  4.  PL  spectra  of  a  ~  1018cm-3  Sn-doped  n-type  FZ  sample 
before  (solid  line)  and  after  (dashed  line)  a  10ncm~2  60  MeV 
proton  irradiation. 
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luminescence,  additional  lines  are  found,  which  have 
been  identified  as  C-related  radiation  defects  [7,9]. 
Qualitatively  similar  spectra  are  observed  in  the  tin-free 
reference  material  [6].  This  indicates  that  the  Sn-V 
centres  do  not  exhibit  optical  recombination  activity. 

4.  Discussion 

Summarising  the  above  findings,  it  is  clear  that  Sn- 
doped  n-type  silicon  shows  up  a  whole  set  of  new 
radiation  defects,  which  may  affect  the  electrical  proper¬ 
ties.  like  the  recombination  or  generation  lifetime.  The 
electronic  characteristics  of  the  Sn-V  centre  are  now 
fairly  well  understood,  both  from  an  experimental  and  a 
theoretical  viewpoint,  but  the  search  for  the  higher  order 
tin-vacancy  complexes  is  ongoing.  It  is  also  clear  from 
comparing  the  FZ  and  Cz  material  that  there  seems  to 
be  little  direct  interaction  between  the  formation  of  Sn- 
related  radiation  defects  and  interstitial  oxygen. 

It  has  been  reported  on  several  occasions  that  the 
trapping-ability  of  substitutional  tin  may  help  in 
controlling/suppressing  the  formation  of  detrimental 
radiation  defects  like  the  A-  and  E-centre  or  V-V 

[1.2.11.12] .  A  reduction  of  the  trap  introduction  rate  by 
a  factor  3  for  the  5x10* 'em  2  60MeV  proton 
irradiations  studied  here  (Cz:  Sn).  up  to  a  factor  10  for 
2MeV  electron  irradiations  have  been  reported 

[2.1 1.12] .  However,  this  occurs  at  the  cost  of  the  creation 
of  additional  Sn,„V„  complexes,  which  in  the  end  may 
result  in  a  higher  device  degradation.  However,  for  the 
conditions  studied  here,  it  is  concluded  that  the  optical 
recombination  properties  are  better  preserved  in 
Sn-doped  FZ  silicon  compared  with  the  reference 
material  [6].  In  addition,  preliminary  recombination 
lifetime  measurements  of  y-irradiated  Sn-doped  Cz 
silicon  confirm  the  better  radiation  resistance,  for  a  Sn 
concentration  in  the  range  ~10lscm  3  [15].  On  the 
other  hand,  little  or  no  improvement  has  been  observed 
for  6.5xlOlscm  3  Sn-doping.  suggesting  that  there 


exists  a  delicate  balance  between  the  suppression  of  the 
harmful  radiation  defects  on  the  one  hand  and  the 
electrical  activity  of  the  additional  Sn,„V„  centres  on 
the  other. 


5.  Conclusions 

The  formation  of  proton-irradiation  defects  in  n-type 
Sn-doped  Cz  and  FZ  silicon  has  been  compared.  It  was 
observed  that  the  same  types  of  defects  are  formed.  Next 
to  the  Sn-V  pairs,  it  is  believed  that  two  additional 
electron  and  one  extra  hole  trap  are  created  in  Si :  Sn. 
From  the  PL  results,  it  is  concluded  that  Sn  or  Sn-V  do 
not  introduce  new  lines.  In  spite  of  its  four  levels  in  the 
band  gap,  Sn-V  is  found  to  be  not  particularly 
recombination  active  compared  with  the  standard 
radiation  defects. 
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Abstract 

Thermal  oxidation  of  Si  gives  intrinsically  rise  to  the  generation  of  Si  dangling  bond  type  defects  at  the  Si/Si02 
interface.  In  standard  (1  1  l)Si/Si02  the  dominant  one  observed  by  electron  spin  resonance  (ESR)  is  the  Pb  (Si3  =  Si*) 
center.  It  is  generally  accepted  that  the  driving  agent  for  these  defects  is  the  occurrence  of  interfacial  strain.  A  frequency 
dependent  ESR  study  on  these  Pb  defects  has  enabled  the  separation  of  the  strain  broadening  component  from  other 
line  broadening  mechanisms,  leading  to  a  direct  quantification  of  the  associated  interface  stress.  This  resulted  in  the 
observation  of  thermal  treatment  induced  variations  in  the  strain  broadening  contribution  indicating  the  existence  of 
two  different  interfacial  relaxation  processes.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords :  Si/Si02  interface;  Defect;  ESR;  Strain 


1.  Introduction 

Several  studies  have  reported  on  the  observation  of  an 
intrinsic  Si02  film  stress  resulting  from  thermal  oxida¬ 
tion  of  Si  [1-4].  The  origin  of  this  stress  has  been 
attributed  to  the  120%  molar  volume  expansion  which 
results  from  the  conversion  of  Si  to  Si02.  As  a  result  of 
this  mismatch  induced  stress,  dangling  bond  type  defects 
are  generated  at  the  interface.  In  standard  thermal 
(1  1  l)Si/Si02  the  dominant  paramagnetic  interface 
defect  observed  by  electron  spin  resonance  (ESR)  is 
the  Pb  center — interfacial  (Si3  =  Si*)  [5].  In  the  as- 
grown  state,  a  Pb  density  of  ~4.9  x  1012cm-2  is 
inherently  incorporated  for  the  oxidation  range  300- 
950°C.  This  value  appears  strongly  correlated  with  the 
constant  interfacial  intrinsic  stress  [6].  It  is  generally 
accepted  that  Pb  defects  occur  at  the  interface  to  (partly) 
alleviate  interfacial  stress.  Despite  their  generally  malig¬ 
nant  character,  these  defects,  as  sensed  by  ESR,  may 
serve  as  sensitive  probes  for  interface  characterization. 
For  one,  the  interface  strain  was  formerly  quantified  in 
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terms  of  their  ^-factor  distribution  inferred  from  the 
magnetic  field  angle  dependence  of  the  ESR  line  width 
[6-8].  However,  for  larger  areal  defect  densities,  that 
method  becomes  unsuitable  by  interference  of  aniso¬ 
tropic  two-dimensional  dipolar  broadening  [9];  an 
extensive  parameterised  global  fitting  procedure  is 
required  to  enable  extraction  of  both  anisotropic 
contributions. 

In  the  present  work  this  has  been  overcome  by 
carrying  out  a  detailed  study  of  the  Pb  ESR  properties  as 
a  function  of  the  resonance  frequency  (X,  K  and  Q 
band).  This  has  enabled  the  separation  of  the  strain 
broadening  component  from  the  dipolar  one. 


2.  Experimental  details 

Sample  slices  (2x9  mm2),  appropriate  for  ESR,  were 
cut  from  2-in  diam.  two-side  polished  (1  1  1)  Si  wafers 
(float  zone;  >100Qcm;  p-type;  thickness  ~70pm). 
After  cleaning,  the  slices  were  thermally  oxidised  in  a 
high-vacuum  laboratory  facility  at  77OX~970°C  (1  atm, 
99.9995%  dry  02)  for  ~  1  h  ( dox  ~  56  nm),  terminated  by 
cooling  to  room  temperature  in  02  ambient  (time 
constant  ~200s).  Subsequently,  a  first  ESR  sample 
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was  submitted  to  a  post  oxidation  anneal  (POA)  in  H2 
(1  atm,  99.9999%)  for  ~~  1  h  at  780'C  to  enhance  Ph 
density.  Yet,  as  all  P^-defects  are  then  automatically  left 
passivated  by  H  this  was  followed  by  a  PhH  dissociation 
step  in  order  to  ESR-activate  the  defects,  i.e.,  vacuum 
annealing  (<4x10  'Torr)  at  605'C  for  ~lh.  A 
second  sample  received  a  POA  in  vacuum  (POVA)  at 
1200~C  for  37  min.  A  third  sample,  not  submitted  to  any 
postoxidation  thermal  treatment,  served  as  a  reference. 
Conventional  absorption-derivative  X,  K  and  Q  band 
ESR-observations  were  made  at  4.3  K. 


3.  Experimental  results  and  discussion 

3.1.  As-oxidised  (1 1  l)SijSi02 

Fig.  1  illustrates  the  influence  of  the  resonance 
frequency  v  on  the  Ph  ESR  signal,  which  will  be 
analysed  below. 

The  measured  first  derivative  peak-to-peak  linewidth 
as  a  function  of  v  is  shown  in  Fig.  2  for  three 
values  of  cp}i.  the  angle  between  the  applied  magnetic 
field  B  and  the  interface  normal  n.  A  general  increase  in 
A£?pp  with  increasing  v  and  (p{i  is  clearly  observed. 

From  ^-dependent  observations,  previous  studies 
had  concluded  that  the  Pb  ESR  line  width  in  standard 
(1  1  l)Si/SiO?  consists  of  mainly  two  superimposed 
contributions  [7,8]:  In  addition  to  an  angle  independent 
residual  part,  there  is  a  considerable  (supposedly) 
Gaussian  type  broadening  monotonically  growing  for 
The  latter  is  attributed  to  strain-induced 
variations  in  the  g  tensor,  predominantly  in  g }  .  Under¬ 
lying  insight  was  provide  by  the  work  of  Watkins  and 
Corbett  [7,10].  The  supposedly  Lorentzian  residual 
linewidth  contribution  was  mainly  attributed  to  unre¬ 
solved  29Si  superhyperfine  broadening  [7].  A  later,  more 
in-depth  study  of  the  residual  line  shape  for  B||n 


B(G) 

Fig.  1.  Influence  of  resonance  frequency  v  on  Ph  ESR  signal  for 
the  as-grown  thermal  Si/SiCT  interface  with  [Pb]~5x 
101  2  cm  \  For  each  v,  spectra  for  two  directions  of  B  are 
shown:  Solid  lines:  Bl(l  1  1):  Dotted  lines:  B|l(l  1  1). 


Fig.  2.  Frequency  dependence  of  the  Ph  ESR  peak-to-peak  line 
width  of  the  as-grown  reference  sample  for  different  orienta¬ 
tions  of  B:  ( pH  =  0  (O).  (pn  =  45  (A).  (pn  =  90  (□). 


interface  revealed  clearly  the  influence  of  a  Pb-density 
dependent  dipolar  broadening  [11]. 

As  mentioned,  it  is  our  aim  to  quantify  the  interface 
strain  in  terms  of  the  Ph  ^-factor  distribution  from 
frequency  dependent  measurements  instead  of  the 
formerly  (pl}  dependence  of  A£pp.  Two  approximations 
are  made:  first,  it  is  assumed  that  the  frequency 
independent  part,  mainly  consisting  of  29Si  superhyper¬ 
fine  and  dipolar  broadening  is  purely  Lorentzian  and 
void  of  strain;  Second,  the  strain  component  A#pp  can 
be  related  to  Gaussian  distributions  in  g  and  g  L  with 
standard  deviations  og  and  og  L,  respectively.  To  a  first 
approximation,  the  frequency  dependence  of  A £pp  can 
then  be  expressed  as 


adSB  2hvfV  cos2<P/i 

ab"?=t{ . 


g  i  sin-  c p,> 
og  +  ^j  3  fIiog 


(1) 


This  is  a  generalized  approach  of  the  one  presented  in 
Ref.  [7]  were  og  =  0  was  assumed.  The  g  map  for 
rotation  of  B  from  B||n  ((pB  —  O')  towards  Bln 
((Pb  —  90  )  contains  one  single  branch,  obeying 

0  =  \J Ul  cos  (pff)2  +  (g}  cos  (pB)2,  (2) 


with  principal  values  inferred  as  g  =  2.00136  +  0.00003 
[6]  and  g ±  =  2.0088 +0.0001.  The  measured  convolution 
of  the  frequency  independent  Lorentzian  part  and  the 
Gaussian  strain  component  is  expected  to  be  largely 
Voigt-like.  The  measured  wadth  A5pp  is  then  expected  to 
be  adequately  described  by 

AB;  =  Iab;,,,  +  ((A  B%)-  +  i(AB^)-) 1  ",  (3) 

where  A 5pp  and  AZ?pp  represent  the  Lorentzian  and 
Gaussian  linewidths  of  the  Voigt  shape.  After  inserting 
Eq.  (2)  for  g  in  Eq.  (1)  and  substituting  Eq.  (1)  for  AZ?£  , 
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the  curves  in  Fig.  2  are  obtained  as  optimised  least- 
squares-fits  of  Eq.  (3)  to  the  AZ?pp-vs-v  data. 

For  B  _L  (1  1  1),  this  resulted  in  A2?pp  =  1.55  +  0.05  and 
<T0ll  =  0.00014  +  0.00001,  where  the  inferred  value  of  og^ 
is  found  to  be  in  good  agreement  with  previously 
reported  values  [6,9]  (og^  —  0.00015).  Here,  it  should  be 
added  that  the  reported  value  of  og =  0.00032  [6]  was 
obtained  by  assuming  a  half  Gaussian  distribution  to 
simulate  the  apparent  asymmetry  of  the  Pb-signal;  when 
applying  a  full  Gaussian  distribution  an  extra  factor  ~  2 
needs  to  be  taken  into  account.  The  obtained  Ai?pp  can 
be  read  at  the  intercept  of  the  A2?Jp-axis  as  a  direct  result 
of  the  assumption  that  the  Lorentzian  part  is  frequency 
independent;  Indeed,  according  to  Eq.  (3),  A i?pp  =  Ai?pp 
for  v  =  0.  This  remaining  component,  void  of  strain, 
represents  the  residual  line  width  composed  of  the 
intrinsic  part  A fipp  (mainly  ascribed  to  unresolved  29Si 
superhyperfine)  and  dipolar  broadening  ABjJjf.  The 
latter  are  separated  using  the  Lorentzian  addition  rule 
A5pp  =  AZ^p  +  AZ^jf.  From  a  former  study  [11],  ana¬ 
lysing  the  ESR  line  width  (for  B||n)  as  a  function  of  the 
[Pb],  the  value  =  0.4  G  is  inferred  for 

[Pb]~5x  1012 cm-2,  from  where  AZ?pp  ~  1 . 1 5  G.  This 
emerging  constant  value  may  be  compared  with  the 
reported  value  of  AZ?pp  =  1.29  +  0.03  G  [11],  deduced  by 
extrapolation  of  the  A£jp(B||n)  -  /  relationship  towards 
/ -►  0,  were  /  represents  the  defect  concentration,  to 
eliminate  the  dipolar  contribution.  The  small  deviation 
arises  from  the  existence  of  a  small  og^  [6],  not  separated 
by  extrapolation  to  /->  0. 

The  og±  value  was  derived  for  two  field  directions  B 
(cpB  =  45°,  90°;  cf.  Fig.  1)  with  og^  and  AZ?pp  kept  fixed 
at  the  values  inferred  from  the  fit  for  (pB  =  0°,  and 
varying  only  og  ±;  keeping  AZ?pp  fixed  is  justified  by  the 
small  anisotropic  dipolar  broadening  for  the  present 
defect  densities.  The  inferred  value  og±  = 
0.00076  +  0.00002  is  in  good  agreement  with  the  previous 
values  (og±  =  0.00078;  0.00080)  [7,8].  The  agreement  of 
the  obtained  parameters  substantiates  the  previous  angle 
dependent  method. 

3.2.  Thermal  treatment 

The  measured  Pb  line  widths  for  the  samples  subjected 
to  postoxidation  treatment  are  shown  in  Fig.  3.  From 
optimised  fitting  along  the  lines  outlined  above  two 
features  become  clear:  While  the  og^ -value  stays  fixed  at 
0.00014,  yet,  there  is  an  obvious  decrease  in  the  ogL ,  i.e., 
0.00046  +  0.0002  for  POVA  and  0.00058  +  0.0002  for 
POA  (H2).  The  unaltered  value  of  agi|  may  be  attributed 
to  the  inherently  smaller  sensitivity  of  to  strain  or,  in 
a  different  point  of  view,  might  just  indicate  the  residual 
spread  on  g-\  to  be  of  a  different  nature.  Yet,  the 
remarkable  drop  in  og±  occurring  after  postoxidation 
treatment  indicates  the  occurrence  of  stress  relaxation  at 
the  Si/Si02  interface. 


Fig.  3.  Frequency  dependence  of  the  Pb  ESR  peak-to-peak  line 
width  of  samples  subjected  to  postoxidation  thermal  treatment: 
POVA  (O),  POA  H2  (V).  Solid  and  dotted  lines  represent  least- 
squares  fits  using  Eq.  (3)  for  <pB  =  90°  and  q>B  =  0°,  respec¬ 
tively.  For  comparison,  the  data  of  the  reference  sample  for 
cpB  =  90°  (<>)  (dashed  curve  fit)  are  also  shown  (see  also  Fig.  1). 


A  last  item  to  be  addressed  in  Fig.  3  is  the  larger 
ASjp(v^0)  value  for  the  thermal  treated  samples  as 
compared  to  the  reference  sample.  This  is  ascribed  to 
enhanced  dipolar  interactions  due  to  strongly  increased 
defect  densities  as  a  result  of  PO  annealing  of  the  Si/Si02 
interface  [12,13],  determined  as  ~2xl013cm-2  and 
~3.4xl013  cm-2  for  POVA  and  POA  H2  respectively. 
Indeed,  a  (pB  map  of  the  AZ?pp  vs  (pB  now  clearly  reveals 
anisotropic  dipolar  broadening. 


4.  Interpretation 


According  to  the  simple  Maxwell  viscoelastic  model 
of  a  solid,  stress  relaxation  occurs  by  viscous  motion  of 
a-Si02  material  away  from  the  growth  interface.  If 
assuming  the  rate  of  stress  relief  to  be  proportional  to 
the  stress  (as  is  usually  the  case)  then 


(6) 


where  T  is  a  constant,  namely  the  viscoelastic  relaxation 
time;  o\  is  the  intrinsic  growth  stress,  i.e.,  the  stress  that 
is  generated  through  the  film  growth  process.  From 
integrating  Eq.  (6),  one  obtains  the  expression  o\(t) 
=  <t i (0)  exp(-//T)  for  the  stress  relief  process  where  <7i(0) 
is  the  maximum  intrinsic  stress  at  the  growth  interface 
and  t  the  oxidation  or  annealing  time. 

For  the  reference  sample,  the  outer  surface  of  the 
growing  Si/Si02  film  has  been  annealed  at  Tox  for  the 
entire  period  of  oxidation,  whereas  little  so  for  oxide  at 
the  final  interface.  In  consequence,  virtually  no  stress 
relaxation  via  viscous  flow  has  occurred  for  the  interface 
region  leading  to  a  highly  stressed  interface.  This  is 
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mirrored  in  ag  L  :  the  in-plane  stress  leads  to  variations  in 
the  defect’s  local  environment  over  the  interface  result¬ 
ing  in  slightly  different  ry-tensors. 

Within  this  model,  the  POVA  results  become  clear, 
i.e.  without  further  oxidising  flux,  the  interface  has  the 
possibility  to  relief  stress  during  37  at  1200  C.  At  this 
temperature  the  viscoelastic  relaxation  time  r  is  small 
[14]  and  an  efficient  relaxation  can  occur.  The  less 
strained  interface  gives  rise  to  smaller  local  defect 
environment  variations  leading  to  a  lower  ag  ,  .  On  the 
microscopic  level,  at  the  high  anneal  temperature,  the 
interface  may  rearrange  interfacial  bonds  and  angles  to 
attain  a  lower  energetic  state. 

Former  stress  data  show  that  almost  no  (viscoelastic) 
relaxation  can  occur  during  film  growth  or  annealing  for 
temperatures  below  800  C  [6.14].  The  key  point  is  that 
annealing  at  high  temperature  (7an  >  950  C)  represents 
a  condition  where  T  is  comparable  to.  or  shorter  than, 
annealing  time  /an,  whereas  for  Tan^800  C,  7  is  at  least 
an  order  of  magnitude  larger  than  /an.  Consequently,  the 
relaxation  that  occurs  after  POA  in  H2  at  780  C  is  likely 
from  another  origin.  The  fit  result  for  the  latter  sample 
can  be  consistently  interpreted  within  the  understanding 
of  the  defect-strain  relationship:  Defects  are  created  to 
alleviate  interfacial  stress  [6].  It  was  formerly  observed 
that  one  effect  of  H2  POA  is  an  irreversible  interfacial 
bond  rupture,  yielding  additional  defects  indistinguish¬ 
able  from  the  pre-existing  Pb  defects  [13].  Thus,  the 
system  may  locally  release  stress  associated  energy 
through  defect  creation,  thus  locally  relaxing  the  inter¬ 
face.  At  high  defect  densities,  as  in  the  present  case,  the 
local  relaxation  can  become  more  global  by  percolation, 
leading  to  a  generally  lower  intrinsic  interface  strain, 
reflected  in  the  lower  ag  A . 


5.  Conclusions 

A  frequency-dependent  ESR  study  of  the  Ph  defect 
has  enabled  to  quantify  the  interface  stress  at  the 


(1  1  1  )Si/Si02  interface.  In  contrast  with  field  angle 
dependent  results,  which  are  complicated  by  the  inter¬ 
ference  of  anisotropic  dipolar  broadening  at  higher 
defect  densities,  this  method  is  generally  applicable. 

For  standard  thermal  (1  1  l)Si/Si02  the  inferred 
values  ag  —  0.00014  and  ag  ±  —  0.00076  are  in  good 
agreement  with  previous  field  angle  dependent  results, 
confirming  the  previous  insight  in  the  constituent  line 
broadening  mechanisms. 

In  a  study  of  the  effect  of  postoxidation  thermal 
treatments  a  marked  influence  on  the  strain  broadening 
component  is  revealed,  indicating  the  existence  of  two 
different  interface  relaxation  processes:  i.e.,  relaxation  of 
interfacial  stress  through  bond  length  and  angles 
adjustment  (in  nonoxidising  ambient)  or  interface  defect 
creation. 
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Abstract 

In  the  present  study,  results  on  the  interface  properties  of  ultrathin  Si02  thermally  grown  on  RF  plasma- 
hydrogenated  silicon  structures  are  reported  from  a  detailed  study  of  the  C-V  and  G—V  characteristics  taken  at 
various  frequencies.  From  frequency  characterization,  information  is  gained  on  the  charged  defects  at  the  Si/Si02 
interface.  The  frequency  dispersion  properties  reveal  the  presence  of  either  interface  traps  or  laterally  inhomogeneous 
distribution  of  defect  centers  within  the  oxide  near  the  interface  Si/Si02.  The  amount  and  nature  of  the  defects  depend 
on  the  substrate  temperature  during  plasma  exposure.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Thermal  Si02;  Radiation-induced  defects;  Interface  traps;  Oxide  charges 


1.  Introduction 

Silicon  surface  cleaning  before  thermal  oxidation  is  an 
essential  step  in  the  whole  cycle  of  the  fabrication  of 
metal-oxide-Si  (MOS)-based  devices,  especially  in  the 
deep  submicron  technological  era.  In  recent  years,  this 
processing  step  has  gained  increased  attention.  Different 
techniques  have  been  tested  to  obtain  a  stable  and  well- 
controlled  surface,  e.g.  frozen  gas  bombardment  [1]  and 
organic  contamination  removal  by  UV/ozone  [2]. 
Recently,  we  have  suggested  a  RF  hydrogen  plasma 
treatment  as  a  Si  pre-oxidation  cleaning  procedure  [3]. 
The  fast  initial  oxide  growth  observed  in  this  case  would 
allow  a  better  control  of  low-temperature  oxidation  at 
technologically  reasonable  times.  The  oxidation  kinetics 
analysis  has  shown  the  formation  of  a  defective  surface 
overlayer,  whose  density  is  reduced  by  voids  formation, 
left  after  the  hydrogen  plasma  cleaning. 

In  the  present  study,  results  on  the  interface  properties 
of  the  MOS  structures  with  ultrathin  Si02  grown 
thermally  over  hydrogenated  silicon  are  reported  from 
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a  detailed  study  of  the  C-  V  and  G-  V  characteristics  at 
different  frequencies  between  10  kHz  and  1  MHz.  From 
the  frequency  characterization,  information  is  gained  on 
the  charged  defects  at  the  Si/Si02  interface. 


2.  Experimental 

In  this  study,  the  oxides  were  thermally  grown  to  a 
thickness  of  about  13nm  in  dry  02  at  a  temperature  of 
850°C.  The  bare  n-type  (1 1  l)-oriented  Si  wafers  of 
5-10Qcm  resistivity  were  initially  treated  by  a  typical 
wet  RCA  pre-gate  oxide  clean  [4].  Shortly  after  cleaning, 
some  of  the  wafers  received  dry  cleaning  by  exposure  to 
hydrogen  plasma  in  a  RF  planar  unit  located  on  the 
lower  grounded  plate.  The  wafers  were  plasma  treated 
with  or  without  heating  to  300°C.  The  gas  pressure  was 
ITorr;  the  input  power  at  13.56  MHz  was  15  W.  Some 
of  the  wafers  were  given  an  RCA  clean  only  to  serve  as 
references. 

For  the  electrical  characterization,  MOS  capacitors 
were  formed  by  vacuum  evaporation  of  aluminum  dots 
onto  the  thermally  grown  oxides  followed  by  backside 
metallization. 
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The  C—  V  and  G—  V  measurements  were  performed  at 
room  temperature  in  the  frequency  range  10  kHz- 
1  MHz.  The  measurement  unit  was  a  Precision  Compo¬ 
nent  Analyzer  WAYNE  KERR  6425. 


3.  Results  and  discussion 

Fig.  i  gives  the  high  frequency  (10-200  kHz)  C—  V 
characteristics  of  the  MOS  capacitors  with  oxides  grown 
on  RF  plasma  hydrogenated  (1  1  l)Si.  In  this  case,  the 
silicon  substrate  was  not  heated  during  plasma  hydro¬ 
genation.  The  C—  V  characteristics  show  frequency 
dispersion.  In  the  depletion  region  for  a  given  gate 
voltage  the  capacitance  increases  with  measurement 
frequency  due  to  the  time-dependent  response  of  inter¬ 
face  states.  In  accumulation  no  appreciable  frequency 
dispersion  is  evident  in  this  frequency  range.  At  higher 
frequencies  up  to  1  MHz  frequency  dispersion  related  to 
the  contribution  of  series  resistance  by  the  substrate  was 
observed  (not  shown  in  Fig.  1)  [5].  Because  of  this,  the 
oxide  capacitance  was  calculated  from  the  MOS 
capacitance  of  the  10  kHz  C—  V  curve  in  strong 
accumulation,  where  the  series  resistance  contribution 
is  negligibly  small.  This  value  has  been  used  further 
throughout  the  study  for  estimation  of  the  defect 
concentrations. 

The  G-V  characteristics  of  the  MOS  capacitors  are 
plotted  in  Fig.  2  for  the  same  frequency  interval.  The 
conductance  was  found  to  increase  with  increasing 
measurement  frequency. 


Fig.  1.  Frequency  dispersion  of  the  C-V  curves  of  MOS 
capacitors  with  SiO>  grown  on  (1  1  l)Si  substrate  hydrogenated 
in  RF  plasma  without  heating. 


In  Figs.  3  and  4  C-  V  and  G—  V  characteristics  of  the 
MOS  capacitors  with  Si  substrates  hydrogenated  at  a 
temperature  of  30CTC  are  displayed.  Comparison  with 
the  results  in  Figs.  1  and  2  shows  that  silicon  hydro¬ 
genation  temperature  plays  an  important  role  for  the 
interface  quality.  At  300'C  the  C-V  curves  shift  to 
more  positive  voltages  and  shows  much  less  frequency 
dispersion.  The  conductance  peaks  are  substantially 
smaller.  These  results,  indicating  reduction  in  interface 
defect  concentrations,  can  evidently  be  attributed  to 
thermal  annealing  effect. 

The  specific  shape  of  the  C-V  curves  as  seen  in 
Figs.  1  and  3  could  also  be  indicative  of  nonhomoge- 
nious  distribution  of  the  oxide  charges  [5]. 

The  defect  concentrations  related  to  so-called  fixed 
oxide  charge  and  interface  traps  have  been  derived  from 
the  frequency  dispersions  of  the  C-V  and  G-V 
characteristics.  The  results  are  summarized  in  Table  1 
where  the  concentrations  of  the  reference  oxides  are  also 
presented  for  comparative  purposes. 

The  fixed  oxide  charge  has  been  obtained  from  the 
difference  between  the  experimental  and  theoretical 
flatband  voltage  and  the  values  are  given  in  Table  1. 
To  obtain  a  more  realistic  estimation  of  the  fixed  oxide 
charge  independent  of  the  contribution  of  interface  trap 
charge,  an  approximation  approach  has  been  applied 
based  on  simple  high-frequency  analysis  of  the  C-  V 
frequency  dispersion  [6].  The  approach  requires  exam¬ 
ination  of  the  linear  dependence  of  the  flatband  voltages 
on  logarithm  of  the  measurement  frequency.  This  linear 
relationship  is  displayed  in  Fig.  5  for  two  capacitors  with 
silicon  hydrogenated  at  two  different  temperatures.  The 


Fig.  2.  Frequency  dispersion  of  the  G-  V  curves  of  MOS 
capacitors  with  SiO^  grown  on  (1  1  l)Si  substrate  hydrogenated 
in  RF  plasma  without  heating. 
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Gate  voltage  [V] 

Fig.  3.  Frequency  dispersion  of  the  C-V  characteristics  of 
MOS  capacitors  with  Si02  grown  on  (11  l)Si  substrate 
hydrogenated  in  RF  plasma  at  300 °C. 


Gate  voltage  [V] 

Fig.  4.  Frequency  dispersion  of  the  G—  V  characteristics  of 
MOS  capacitors  with  Si02  grown  on  (1  1  l)Si  substrate 
hydrogenated  in  RF  plasma  at  300°C. 
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Flatband  voltage  [V] 

Fig.  5.  High  frequency  approximation  of  flatband  fixed  oxide 
charge  of  Si02  grown  on  hydrogenated  (1 1  l)Si  substrate. 


From  Fig.  5  it  can  also  be  inferred  that  the  frequency 
dispersion  is  more  pronounced  for  lower  hydrogenation 
temperature  of  the  silicon,  indicating  higher  overall 
density  of  defect  centers. 

Using  the  single-frequency  approximation  method 
developed  in  Ref.  [7]  the  density  of  interface  traps  has 
been  calculated.  The  results  are  presented  in  Table  1.  It 
can  be  seen  from  the  Table  that  the  interface  trap 
density,  compared  with  the  reference  RCA  silicon,  is 
high  for  the  silicon  hydrogenated  without  heating  and  is 
reduced  in  silicon  hydrogenated  at  elevated  temperature 
(300°C).  The  higher  density  in  the  former  case  can  be 
attributed  to  defects  introduced  by  the  plasma  treatment 
during  hydrogenation,  which  persist  after  oxidation. 
Formation  of  voids  on  silicon  surfaces  exposed  to 
hydrogen  plasma  has  been  reported  elsewhere  [8].  The 
increase  of  the  temperature  up  to  300°C  seems  to  reduce 
the  concentration  of  these  surface  defects.  The  concen¬ 
tration  of  the  interface  trap  defect  centers  is  conse¬ 
quently  reduced  to  a  level  even  below  that  of  the 
reference  MOS  capacitor. 


4.  Conclusion 


voltage  Vf  obtained  from  the  interception  of  the 
two  straight  lines  characterizes  the  intrinsic  oxide 
charge  Qr  =  CoxVf  and  amounts  to  2.4  x  1012cm-2. 
This  charge  can  be  regarded  as  inherent  to  the 
hydrogenated  oxides.  The  variations  observed  in  the 
fixed  oxide  concentration  through  the  C-V  shifts  are 
most  probably  related  to  charge  located  in  interface 
traps. 


The  electrical  characterization  of  ultrathin  (13  nm) 
Si02,  thermally  grown  on  hydrogenated  (111)  silicon 
has  revealed  large  interface  defect  densities  (fixed  oxide 
charge  and  interface  traps)  when  hydrogenation  has 
been  performed  without  substrate  heating.  This  is 
attributed  to  formation  of  defects  on  the  Si  surface. 
Increasing  the  temperature  during  hydrogenation  results 
in  lower  defect  densities  (1.7  x  1011  eV-1  cm-2  and 
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Table  1 

The  interface  defect  densities  of  the  Si/SiCT  structures  as  obtained  from  C-  V  and  G-  V  measurements 


Si-substrate  preparation 

Fixed  oxide  charge  (10l2cm  2) 

Interface  trap  density  (101 1  eV  1  cm  2) 

Hydrogenated,  without  heating 

4.8 

20 

Hydrogenated  at  300' C 

3.1 

1.7 

RCA 

3.5 

6.8 

3  x  10l2cm“2  for  the  interface  traps  and  fixed  oxide 
charge,  respectively).  The  density  of  interface  traps  is 
decreased  considerably  in  comparison  to  the  standard 
RCA  cleaned  silicon.  The  reduction  of  the  fixed  oxide 
charge  is  apparently  due  to  the  contribution  of  charge 
trapped  in  interface  states.  An  inherent  fixed  oxide 
charge  value  is  evaluated  (~2.4 x  10,2cm“2)  from  a 
high  frequency  C-  V  approximation. 
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Abstract 

We  carried  out  a  theoretical  investigation  on  the  properties  of  antiphase  defects,  or  core  reconstruction  defects,  in  a 
30°  partial  dislocation  in  Si  and  GaAs.  The  calculations  were  performed  using  ab  initio  total  energy  methods,  based  on 
the  density  functional  theory.  From  the  results  on  formation  energies  of  these  reconstruction  defects,  we  predict  that  the 
concentration  of  dislocation-related  electrically  active  centers  should  be  considerably  larger  in  GaAs  than  in  Si.  We  also 
find  that  an  antiphase  defect  in  silicon  may  exist  in  positive,  neutral,  or  negative  charge  states,  with  a  Mott-Hubbard 
potential  of  0.30  eV.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Extended  defects;  Point  defects;  Dislocations 


1.  Introduction 

Dislocation  motion  is  known  to  control  the  plasticity 
of  materials.  In  semiconductors,  they  also  affect  the 
electronic  properties  by  generating  energy  levels  in  the 
materials  gap.  As  a  result  of  the  current  requirements  for 
device  miniaturization,  the  physical  properties  of  dis¬ 
locations  have  attracted  considerable  interest  over  the 
last  few  years  [1,2].  More  recently,  macroscopic  proper¬ 
ties  of  dislocations  were  found  to  be  directly  correlated 
to  the  atomistic  events  which  occur  inside  the  dislocation 
core  [3-5].  In  such  a  scenario,  understanding  the 
dislocation  core  properties  became  fundamental  in  order 
to  develop  better  electronic  devices.  Here,  we  present  a 
theoretical  investigation  on  the  structural  and  electronic 
properties  of  reconstruction  defects  which  may  form  in 
the  core  of  a  30°  partial  dislocation  in  silicon  and  in 
gallium  arsenide. 

In  zinc-blende  semiconductors,  dislocations  are  gen¬ 
erally  confined  to  the  {111}  glide  sets  [6].  As  a  result  of 
the  strong  covalent  bonding,  they  are  aligned  along 
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<110)  directions.  It  is  energetically  favorable  for 
(screw  and  60°)  dislocations  to  dissociate  into  (30°  and 
90°)  partial  dislocations,  with  a  stacking  fault  connect¬ 
ing  the  partials.  In  a  III-V  compound,  such  as  gallium 
arsenide,  dissociation  may  generate  three  types  of 
dislocations:  a,  consisting  of  a  30°  plus  a  90°  partial 
with  the  cores  formed  by  type-V  atoms;  /?,  consisting  of 
a  30°  plus  a  90°  partial  with  the  cores  formed  by  type-III 
atoms;  and  a  screw  dislocation,  consisting  of  two  30° 
partials,  one  of  each  type.  In  a  type-IV  semiconductor,  a 
and  p  dislocations  are  identical.  Here,  we  have  focused 
our  investigation  on  the  30°  (a  and  P)  partial  disloca¬ 
tions  because  of  their  controlling  role  on  the  mobility  of 
both  60°  and  screw  dislocations  [7]. 

Dislocations  should  generate  a  large  number  of 
electrically  active  centers,  as  a  result  of  undercoordi¬ 
nated  atoms  in  the  dislocation  core.  Experimental  data 
indicated  otherwise,  showing  that  semiconducting  ma¬ 
terials  have  low  concentrations  of  dislocation-related 
active  centers  [8,9].  To  overcome  this  apparent  con¬ 
troversy,  a  model  has  been  suggested  in  which  atoms  in 
the  dislocation  core  recover  their  fourfold  coordination 
by  reconstruction,  forming  intra-core  bonds  [10],  Recent 
investigations  have  shown  that  core  reconstruction  of 
partial  dislocations  is,  in  fact,  energetically  favorable 
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Fig.  1.  Atomic  configuration  in  a  { I  1  1}  glide  plane,  with  a  30 
partial  dislocation  dipole  lying  along  a  <1  10)  direction.  The 
figure  shows  the  y  and  (1  dislocations  (a)  with  the  reconstructed 
core,  (b)  with  two  z-APDs.  and  (c)  with  two  /TAPDs.  Large  and 
small  circles  represent  atoms  in  the  top  (type  V  atoms)  or  in  the 
bottom  (type  III  atoms)  of  the  glide  plane,  respectively.  The 
figure  only  shows  the  intra-plane  glide  bonds. 


[5,1 1].  Fig,  la  shows  a  { 1  1  1}  glide  plane  containing  the 
reconstructed  cores  of  an  a  and  a  p  30  partial 
dislocation.  Although  core  reconstruction  is  energeti¬ 
cally  favorable,  it  is  still  possible  that  a  few  of  the  core 
atoms  remain  unreconstructed  at  finite  temperatures 
(Fig.  lb  and  c).  These  centers  are  called  antiphase 
defects  (APD),  or  reconstruction  defects,  and  may 
generate  electrically  active  centers  in  the  gap  of  the 
material.  Here,  we  have  defined  the  2-APD  and  the  /?- 
APD  as  the  reconstructed  defects,  respectively,  in  a  and 
P  dislocations  in  a  III— V  compound. 


2.  Theoretical  model 

Our  calculations  were  performed  using  ab  initio  total 
energy  methods.  We  considered  a  reference  orthorhom¬ 
bic  supercell  with  288  atoms,  in  which  a  30"  partial 
dislocation  dipole  was  introduced.  The  dislocation 
dipole  contained  an  y  and  a  P  partial  dislocation  in 
GaAs,  or  two  identical  partials  in  Si.  For  the  config¬ 
urations  presented  in  Fig.  1,  an  atomistic  simulation 
based  on  ab  initio  methods  is  a  formidable  computa¬ 
tional  task.  In  order  to  perform  such  calculations,  we 
initially  relaxed  the  structures  with  a  less  expensive 
model,  using  an  interatomic  potential  [12.13].  In  such 
calculations,  the  shape  of  the  super-cells  was  adjusted 
using  the  Parrinello-Rahman  method  [14],  and  therefore 
removing  the  internal  stress  generated  by  the  disloca¬ 
tions.  The  output  atomic  configurations  were  used  as 
input  to  the  ab  initio  calculations,  when  full  relaxation 
was  finally  performed.  This  two-step  procedure  can 
considerably  reduce  the  computational  cost  in  finding 
the  equilibrium  configurations,  specially  in  the  case  of 
dislocations  [15].  The  ab  initio  [16]  calculations  were 
performed  using  the  density  functional  theory  in  the 
local  density  approximation.  The  Kohn-Sham  equa¬ 
tions  were  solved  by  the  Car-Parrinello  scheme  with 
norm-conserving  pseudopotentials  [17,18].  The  electro¬ 


nic  wave  functions  were  expanded  in  a  plane-wave  basis- 
set,  with  kinetic  energy  up  to  10  Ry.  The  Brillouin  zone 
was  sampled  by  a  set  of  two  representative  A-points  [19]. 
These  Appoints  were  related  to  the  dislocation  line 
direction  [5,20].  Geometric  optimization  of  the  atomic 
structures  was  performed  by  allowing  atoms  to  relax 
until  the  Heilman n-Feynman  forces  were  smaller  than 
0.02  eV/A. 


3.  Results  and  Discussions 

Core  reconstruction  controls  dislocation  mobility,  for 
example,  activation  energy  for  dislocation  velocity  scales 
with  the  core  reconstruction  energy  [5,21].  From  our 
calculations,  we  found  that  core  reconstruction  enerev, 
or  the  energy  required  to  break  a  core  bond,  is  much 
larger  for  dislocations  in  Si  than  for  a  or  /?  dislocations 
in  GaAs.  We  found  a  reconstruction  energy  of  0.92  eV 
for  a  30"  partial  dislocation  in  Si,  while  it  is.  respectively, 
0.43  and  0.56  eV  for  30~a  and  p  partials  in  GaAs.  Such  a 
wide  range  of  reconstructions  energies  is  because 
reconstruction  involves  bonding  between  atoms  of  the 
same  species.  As  a  result,  there  is  an  additional 
electrostatic  repulsion  between  the  core  atoms  in  GaAs 
as  compared  to  Si.  but  still  not  strong  enough  to  prevent 
core  reconstruction.  Bonds  inside  the  dislocation  core 
ranged  from  2.27  to  2.49  A  in  Si,  from  2.34  to  2.57  A  in 
the  y  dislocation,  and  from  2.33  to  2.47  A  in  the  p 
dislocation.  For  the  bonds  involved  in  the  reconstructed 
core  in  silicon,  angular  distribution  between  bonds 
ranged  from  92  to  124%  with  an  average  of  108.8% 
Several  angles  in  the  dislocation  core  w'ere  far  away  from 
the  typical  tetrahedral  angle  (109.47  ).  This  may  explain 
why  even  the  reconstructed  core  generates  energy  levels 
in  the  materials  gap  [5]. 

We  now  consider  the  properties  of  the  antiphase 
defects  in  Si  and  GaAs.  In  silicon,  the  APD  formation 
energy  is  0.82  eV.  This  value  is  in  good  agreement  with 
another  recent  theoretical  investigation  [20],  which 
found  (0.65  +  0.2)  eV.  It  should  be  pointed  out  that  the 
latter  investigation  [20]  considered  an  artifact  to  use 
smaller  simulations  cells,  which  have  compromised  their 
result.  From  our  results,  the  concentration  of  APDs  in 
the  dislocation  core  (p  =  would  be  I0~5  of 

the  atomic  core  sites  at  T  =  900  K.  This  value  is 
consistent  with  experimental  results  on  the  concentra¬ 
tion  of  electrically  active  centers  in  deformed  silicon  [8]. 

In  the  case  of  GaAs.  formation  energies  are  0.36  and 
0.44  eV  for  oc-APD  and  p- APD,  respectively.  In  both  Si 
and  GaAs,  the  APD  energy  scales  with  the  respective 
core  reconstruction  energy,  being  around  80%  of  that 
energy.  This  provides  a  very  good  agreement  with  a 
recent  model,  in  which  it  was  suggested  that  dislocation 
activation  energies  scale  with  the  dislocation  core 
reconstruction  energies  [5].  With  these  low  formation 
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energies  of  a  and  /?- APDs,  the  concentration  of 
electrically  active  centers  should  be  considerably  larger 
in  deformed  GaAs  than  in  deformed  Si.  The  bonds  in  an 
APD  are  considerably  different  from  those  in  a 
reconstructed  atom.  In  both  Si  and  GaAs,  we  observed 
that  the  three  respective  neighboring  atoms  of  an  APD 
relax  inward  and  form  a  near  planar  structure,  with  an 
average  angle  of  118°. 

We  additionally  studied  the  electronic  properties  of 
the  dislocation  core  in  silicon,  as  shown  in  Fig.  2.  As  has 
been  recently  investigated,  the  unreconstructed  core 
generates  a  half-filled  one-dimensional  band  in  the 
materials  gap  [5].  For  the  reconstructed  core,  this  one¬ 
dimensional  band  splits  up  into  a  filled  bonding  and  an 
empty  antibonding  state.  On  the  other  hand,  an  APD 
generates  a  bonding  and  an  antibonding  level  inside  the 
materials  gap.  The  APD  bonding  level  will  be  near 
the  top  of  the  dislocation-related  bonding  band,  while 
the  APD  antibonding  level  would  be  at  the  bottom  of 
the  dislocation-related  antibonding  band. 

The  APD  in  silicon  can  stay  in  different  charge  states, 
depending  on  the  position  of  the  Fermi  energy  level. 
Here,  the  simulations  were  performed  by  removing  (or 
inserting)  two  electrons  in  the  system,  and  allowing  all 
the  atoms  to  relax.  As  shown  in  Figs,  lb  or  c,  there  were 
always  two  APDs  in  the  simulation  cells.  Since  these  two 
APDs  in  each  cell  give  degenerated  energy  levels  in  the 
materials  gap,  then  by  removing  (or  inserting)  two 
electrons  we  could  investigate  the  +1  (or  —1)  charge 
state  of  an  individual  APD.  In  order  to  understand  the 
effects  of  an  APD  on  the  electronic  conductivity  of  a 
deformed  material,  we  searched  for  some  electronic 


CB 


4 


(a)  (b)  (c) 

VB 

Fig.  2.  Pictorial  representation  of  the  electronic  band  structure 
of  a  30°  partial  dislocation  in  silicon.  The  figure  shows  the 
bands  related  to  (a)  the  unreconstructed  core,  (b)  the 
reconstructed  core,  and  (c)  the  antiphase  defect.  Gray  boxes 
represent  filled  electronic  energy  bands.  VB  and  CB  represent 
the  valence  and  conduction  bands,  respectively. 


charge  trapping  center  resulting  from  the  APD  presence. 
For  that,  we  computed  the  Mott-Hubbard  potential  (U) 
using  the  total  energies  of  the  system  with  the  APD  in 
neutral,  positive  and  negative  charge  states.  In  the  case 
of  an  APD  in  silicon,  we  found  a  positive  U  =  0.30  eV. 
This  large  Mott-Hubbard  potential  means  that  it  is  not 
energetically  favorable  for  the  APD  in  its  neutral  state  to 
spontaneously  capture  an  additional  electron.  There¬ 
fore,  the  APDs  should  be  electrically  active,  being 
detectable  by  electron  paramagnetic  resonance  (EPR) 
measurements. 

In  summary,  we  have  investigated  the  structural  and 
electronic  properties  of  reconstruction  defects  in  the  core 
of  a  30°  partial  dislocation  in  silicon  and  in  gallium 
arsenide.  We  computed  for  the  first  time  the  formation 
energies  of  these  antiphase  defects.  The  concentration  of 
APDs  in  the  dislocation  cores  should  be  much  larger  in 
GaAs  than  in  Si.  We  found  that  the  formation  energy  of 
the  antiphase  defects  scales  with  the  respective  recon¬ 
struction  energy  [5].  This  suggests  that  all  the  energetics, 
and  consequently  the  concentration  of  defects  in  the 
dislocation  cores,  should  follow  some  universal  scaling 
law.  We  additionally  computed  the  Mott-Hubbard 
potential  for  an  APD  in  silicon.  The  positive,  and  large, 
value  of  the  potential  indicates  that  the  APDs  in  silicon 
are  electrically  active  and  detectable  by  EPR. 
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Abstract 

The  problems  with  dislocations  in  semiconductors  are  becoming  tractable  with  modern  computing  by  hybrid 
techniques.  These  apply  static  first  principles  calculations  of  energetics  for  important  processes  (e.g.  kink  formation  and 
migration  energies)  and  kinetic  Monte  Carlo  techniques  to  follow  the  dynamic  interaction  of  these  processes  over  length 
and  time  scales  inaccessible  to,  for  example,  molecular  dynamic  simulation.  The  simplest  model  system  for  covalent  and 
ceramic  solids  is  silicon,  but  there  is  debate  over  the  structure  and  properties  of  dislocations  there.  The  movement  of  the 
dislocation  by  the  simple  bond  switching  mechanism  was  studied  from  first  principles,  finding  activation  energies  close 
to  experiment,  but  lately  the  alternative  mechanism  invoking  free  radicals  or  solitons  was  found  to  give  similar  energies. 
We  report  results  from  an  n-fold  way  kinetic  Monte  Carlo  approach,  applied  to  a  simple  system  to  verify  the  standard 
model  for  kink  pair  nucleation  limited  dislocation  glide  (the  Hirth-Lothe  model).  We  then  apply  an  improved  technique 
to  the  kinetics  of  the  soliton  model  and  to  hydrogen  enhanced  dislocation  glide.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  61.72.Hh;  61.72.Bb;  61.72.Lk 

Keywords:  Monte  Carlo  simulation;  Computer  simulation;  Dislocations;  Silicon 


1.  Introduction 

The  strength  of  ductile  materials  is  set  by  dislocation 
motion  on  the  densest  packed  crystal  glide  planes. 
Dislocation  motion  comes  about  from  the  thermally 
activated  process  of  generating  kink  pairs,  which  with 
the  application  of  an  external  stress  are  forced  apart. 
There  is  much  evidence  for  the  existence  of  kinks  from 
pulse  deformation,  internal  friction,  weak-beam  electron 
microscopy,  and  spectroscopy. 

In  this  work  we  shall  present  two  n-fold  way  kinetic 
Monte  Carlo  (nkMC)  models  of  dislocation  motion 
dynamics.  From  the  first  of  which,  general  results  from 
the  model  kink  behaviour  shall  be  shown  and  compared 
to  the  standard  work  in  the  field,  Hirth-Lothe  theory 
(HL)  [1].  Following  this,  we  shall  use  an  improved 
description  of  the  dislocation  line  in  the  nkMC  to  look 
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at  soliton  and  hydrogen-soliton  affected  dislocation 
motion,  at  a  90°  partial  dislocation  in  silicon. 


2.  Description  of  models 

Predictive  calculation  of  mechanical  properties  is  a 
fundamental  problem  in  materials  science.  The  only 
viable  approach  is  using  the  idea  of  multi-scale  model¬ 
ling,  where  properties  and  energies  of  fundamental 
interactions  are  calculated  using  atomic  scale  techni¬ 
ques.  The  resulting  data  then  being  incorporated  into 
larger  scale  simulations.  We  have  taken  previous  density 
functional  theory  (DFT)  calculations,  carried  out  within 
the  group  using  the  AIMPRO  code  [2],  and  applied 
them  to  nkMC. 

In  both  our  models,  dislocation  segments  are  assumed 
to  lie  in  Peierls  minima.  The  lattice  is  infinite  in  the 
direction  of  motion  and  periodic  in  the  direction 
perpendicular  to  the  motion.  The  dislocation  moves 
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under  the  influence  of  thermal  fluctuations  and  an 
optional  applied  stresses.  This  is  via  the  processes  of 
double-kink  nucleation  and  lateral  kink  motion  in  the 
basic  point-wise  model,  whilst  our  more  advanced  model 
was  run  so  as  to  include  the  motions  of  solitons  and  H- 
solitons,  and  hydrogen  impacts  on  the  dislocation  line. 

The  initial  state  of  the  dislocation  is  taken  to  be 
perfectly  straight,  and  it  evolves  via  nkMC  [3,4].  At  each 
simulation  step,  all  allowed  events  have  a  rate  calculated 
for  them.  These  can  move  the  dislocation  either  with  or 
against  the  stress,  since  thermal  fluctuations  can  over¬ 
come  the  additional  energy  bias  caused  by  the  stress. 
Each  event's  rate  is  given  by 

Ri  =  o)t  j  exp(-A  Ef/knT),  (1) 


where  /  =  event  number,  A £,  =  energy  barrier  to  event  / 
and  w(i  =  attempt  frequency.  The  sum  of  all  the  rates  is 
used  to  determine  the  time  before  the  next  event  occurs, 
and  the  individual  rates  serve  as  probabilities  for 
selecting  each  event. 

Instead  of  attempting  a  random  event  and  then 
accepting/rejecting  it  based  on  a  criterion  (the  Metro¬ 
polis  Algorithm)  [5].  We  choose  and  execute  an  event 
from  the  entire  list.  So  at  each  step,  an  event  m  is 
randomly  chosen  from  the  total  M,  such  that 


Em— 

i-  o 


*<=  ,e;-„  x, 

R,  ■’  B-I  R' 


Ar  =  - 


In  c- 


£;  i  R. 


(2) 


where  At  =  time  increment,  c,  =  is  a  random  number  in 
the  range  0-1.  It  is  this  variable  time  increment  which 
makes  nkMC  more  efficient  than  Metropolis  when  Rf  s 
differ  greatly. 

Our  basic  or  point-wise  model,  is  the  standard  manner 
of  describing  a  dislocation  line  for  Monte  Carlo 
simulations  [3,6,7].  The  line  is  represented  with  a  fixed 
number  of  sites.  Each  site  /  is  characterized  by  its  height 
//,.  being  the  distance  travelled  under  the  stress.  For 
each  site,  movements  up  and  down  are  possible  which 
correspond  to  formation/annihilation  or  migration  of 
kinks  on  the  line.  A £,  for  these  movements  is  calculated 
as  follows:  AEj  =  2Fk  ±s  for  backward  and  forward 
kink-pair  nucleation.  A £,  —  -2 Fk±.v  for  backward  and 
forward  kink-pair  annihilation  A £,  =  ±s  for  backward 
and  forward  kink  migration.  With  Fk  =  kink  formation 
energy,  s  =  abhl  the  work  done  by  the  applied  stress  to 
move  a  kink,  where  a  =  applied  stress,  b  =Burger’s 
vector,  h  =  height  of  a  kink  and  /  =  length  of  a  site. 

Our  second  and  more  flexible  model  uses  what  we  call 
a  line-wise  description.  The  line  is  divided  into  a  variable 
number  of  sections.  Each  section  j  is  described  by  its 
length  Lj  sites,  height  H,  and  what  defect  structure  it 
ends  with  Ej  (i.e.  a  positive  or  negative  kink,  soliton, 
etc.).  Longer  dislocation  lines  can  be  considered  with 
this  description,  as  nucleation  events  for  entire  sections 
of  the  line  can  be  dealt  with  as  a  single  event  as  opposed 
to  many  in  point-wise.  Also,  it  is  far  easier  to  introduce 


further  end  structures  to  the  simulation,  and  it  is  coded 
so  that  the  properties  of  all  ends  required  are  fed  in  via  a 
parameter  file. 


3.  Investigation  of  HL  model 


It  is  known  that  dislocation  motion  is  thermal 
activated  with  the  following  T  dependence: 


(3) 


and  according  to  HL  the  activation  energy  EA  =  - f 
iVm  =  sum  of  kink  formation  energy  Fk,  and  migration 
barrier  Wm%  for  lines  long  enough  to  ensure  that  kink 
lifetime  is  limited  by  kink-kink  annihilation  (the  length- 
independent  regime).  Whilst  EA  =  2Fk  +  Wm  for  lines 
shorter  than  the  kink  mean  free  path  2acexp(-Fk//tBF) 
(the  length-dependent  regime). 

Simulations  were  run  using  the  point-wise  model  with 
Fk  —  0.2,  0.5  and  0.8.  in  the  T  range  400-1200  K  with 
applied  stress  over  .v  =  0-0.8  and  Wm  =  0.  The  disloca¬ 
tion  line  had  10,000  sites,  but  at  low  T  in  the  length- 
dependent  regime  lines  with  500-20,000  were  consid¬ 
ered.  These  parameters  were  chosen  to  test  HL  not  to 
reproduce  experimental  data.  The  obtained  results 
reflect  basic  theoretical  predictions:  velocity  increases 
with  increasing  T,  velocity  faster  at  higher  stress  and 
small  values  of  Fk,  at  very  high  T  >  5000  K  dependence 
of  dislocation  velocity  is  reversed  and  begins  to  decrease 
with  T.  As  at  high  T  thermal  fluctuations  become  more 
influential  than  the  applied  stress  and  the  dislocation 
motion  stops  being  directed. 

The  T  dependence  of  the  dislocation  velocity  is  of  the 
right  form:  however,  in  the  length  regime  EA  #  Fk  as 
from  HL,  but  2 Fk  -  2s.  Whilst  in  the  length-dependent 
regime  it  is  4Fk  -  3.v;  see  Fig.  1.  In  order  to  find  an 
explanation  for  these  discrepancies  kink-pair  nucleation 
rate  was  obtained  within  the  nkMC.  and  found  to  agree 
with  HL: 


A~exp(~^)-  (4) 

The  prefactor  showing  no  Fk  or  s  dependence.  However, 
only  kinks  which  survive  can  assist  in  the  dislocation 
motion,  so  we  consider  fruitful  kink-pair  nucleation  rate 
J\  -  ,/N  -  JA  which  is  the  difference  between  the  rate  of 
kink-pair  nucleation  yN  and  annihilated  JA. 

,  (  4Fk  -  3.v\ 

(5) 

Using  ./{  in  HL  for  dislocation  velocity  in  the  length- 
independent  and  length-dependent  regimes  gives  the 
same  T  dependence  of  dislocation  velocities  as  the 
nkMC. 
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Fig.  1 .  Graph  of  EA  =  activation  energy  vs.  Points  show  nkMC 
calculations:  triangles  F k  =  0.2,  boxes  F k  =  0.5  and  diamonds 
Fk  =  0.8.  Solid  symbols  for  length  independent  and  open  ones 
for  length  dependent.  Solid  lines  show  2Fk  —  2s  and  dashed 
lines  4Fk  -  3s. 

4.  Soliton  and  HEDG  results 

There  are  two  main  atomistic  models  suggested  for 
kink  motion  in  Si,  the  Jones  model  or  strained  bond 
model,  where  kink  formation  and  migration  are  by 
successive  application  of  Stone-Walles  transforms. 
AIMPRO  calculations  have  given  this  an  EA  =  1 .9  eY 
[8].  The  other  model  depends  on  solitons.  The  disloca¬ 
tion  core  of  a  90°  partial  has  a  phase  due  to  the  left  or 
right  direction  of  its  reconstruction  bonds.  At  a  phase 
boundary  there  exists  anti-phase  defects,  or  solitons, 
giving  a  dangling  bond.  In  chemical  terminology  a  ‘free 
radical’.  It  is  highly  reactive,  so  can  migrate  rapidly 
along  the  line  nucleating  kink  pairs.  These  may 
occasionally  be  associated  with  kinks  from  time  to  time, 
but  they  have  unequal  lifetimes.  AIMPRO  calculations 
on  this  model  give  EA  —  1.8  eV.  This  means  that  both 
are  in  close  agreement  with  other,  and  in  broad 
agreement  with  experiment  where  EA  =  2.2  eV  [9]. 

Dislocations  in  semiconductors  can  be  strongly 
affected  by  a  hydrogen  plasma;  core  states  may  be 
passivated  [10]  and  mobility  changed.  For  Si,  H  reduces 
Ea  from  2.2  to  1.2  eV,  for  hydrogen  enhanced  disloca¬ 
tion  glide  (HEDG)  [9].  Assuming  the  soliton  model,  the 
steady  state  motion  of  the  dislocation  ought  to  be 
controlled  by  the  migration  and  formation  of  solitons 
and  hydrogenated  or  H-solitons,  for  which  we  use  the 
previously  published  in-house  results  [11]  produced 
using  AIMPRO,  for  a  soliton  and  a  hydrogenated 
soliton  on  a  90°  partial  dislocation  in  Si,  see  Table  1. 
These  results  were  used  to  form  the  simulation 
parameters  for  our  nkMC.  This  work  also  appears  to 
give  £A~l-2eV,  as  migration  barriers  for  H-solitons 


Table  1 

Results  from  previous  calculations  [11].  Results  from  231  atom 
clusters 


Structure 

Energy  (eV) 

without  H 

with  H 

Soliton  migration  barrier 

Along  dislocation  core 

0.15 

1 .05 

Initiating  kink-pair 

0.29 

1.16 

Formation  energy  compared  to  soliton 

Soliton:  kink-pair 

+  0.11 

-0.19 

“Indicates  186  atoms. 


and  kink  H-soliton  complexes  ~  1.1 -1.2  eV.  How  the 
H  is  supplied  to  the  dislocation  is  uncertain,  since  the 
effect  depends  on  a  pre-hydrogenation  step  (typically  1  h 
under  H  plasma  between  470°C  and  540°C).  For  our 
simulation,  we  shall  take  a  population  of  H-atoms  to  be 
diffusing  through  the  silicon  and  impacting  the  disloca¬ 
tion  line.  This  H-flux  maybe  expected  to  spontaneously 
nucleate  soliton  pairs  and  simultaneously,  kink  pairs, 
i.e.,  a  complex  of  a  H-soliton  with  a  reconstructed  kink 
pair  will  be  formed  in  addition  to  a  non-H— soliton. 
When  two  H-solitons  meet  they  annihilate  and  we 
assume  that  the  H?  produced  pipe  diffuses  out  of  the 
system. 

Taking  the  kinetic  theory  result  for  atomic  flux  = 
nv/ 4,  where  n  —  number  density  and  v  —  average 
particle  velocity.  With  v  =  3 D/2,,  where  X  =  mean  free 
path  and  D  =  diffusion  coefficient  =9.1  x 
10-7  exp(— 0.48/&bF)  m2  s-1,  for  c-Si  [12].  Assuming 
that  all  H-atoms  passing  through  the  surface  of  a 
cylinder  with  radius  X  centred  on  the  dislocation  line 
impact  it,  then  the  rate  of  impacts  on  section  j  will  be 
Rj  —  LjDnn3/2. 

Fig.  2  shows  our  Arrhenius  plot  for  the  nkMC  using 
the  line-wise  description  with  a  sheer  stress  of  70  MPa  to 
match  Yonenaga  [9],  analysis  carried  out  on  this  plot 
gave  this  relation  for  dislocation  velocity 

i7dis  =  6.8  x  10-2V’98  exp  m  s_1>  (6) 

where  n  =  H  concentration  in  cm-3,  Udis  increases  with 
H-concentration  in  a  basically  linear  fashion. 

However,  this  EA  =  0.45  eV  is  far  too  low  and  seems 
to  relate  to  our  influx  of  H.  We  suspect  that  we  are 
allowing  our  solitons  too  much  freedom  and  their  mean 
free  path  is  too  high,  as  we  have  no  soliton  H-soliton  or 
soliton  H  interactions.  We  probably  need  to  include  a 
soliton  capturing  an  H-atom  event,  and  some  form  of 
mixed  annihilation  move  whereby  a  soliton  and  a  H- 
soliton  annihilate  to  leave  a  bond  centred  H-atom  (HBc) 
in  the  dislocation  core.  This  second  move  would  require 
the  inclusion  of  further  HBc  interactions. 
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Fig.  2.  Arrhenius  plot  of  Log  r<ii,  versus  1/A(j7  (eV).  Legend 
gives  .v  where  10v  cm"  3  =  H  atom  concentration. 


5.  Conclusions 

Our  starting  work  shows  agreement  to  the  standard 
HL  theory  once  the  annihilation  rate  of  the  kinks  was 
correctly  taken  into  account. 

A  new  and  highly  adaptable  approach  to  the  Monte 
Carlo  simulation  of  dislocations  has  been  presented, 
through  which  the  HEDG  behaviour  of  90°  partial 
dislocations  in  Si  has  been  investigated.  This  was  in 
terms  of  solitons  and  H-solitons.  This  gave  a  £A  = 
0.45  eV,  far  too  low,  leading  us  to  suspect  further 
reactions  need  to  be  included. 

However,  the  code  used  for  this  work  is  highly 
configurable  meaning  that  these  events  can  easily  be 


included.  With  the  assistance  of  further  AIMPRO 
calculations  we  will  be  able  to  look  at  the  effect  on 
dislocation  motion  from  other  dislocation  defect  struc¬ 
tures,  for  example  impurities  and  vacancies  in  the 
dislocation  core. 
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Abstract 

In  its  negative  charge  state,  the  lattice  vacancy  in  silicon  experiences  a  C2V  Jahn-Teller  distortion.  In  an  LCAO 
picture,  the  unpaired  electron  of  bi  symmetry  gives  rise  to  a  spin  density  that  is  concentrated  in  a  (1 1  0)  plane  with  a 
nodal  (110)  plane.  Hence,  the  contact  hyperfine  (hf)  interactions  with  all  ligand  nuclei  in  this  plane  should  be  zero.  The 
order  of  magnitude  of  the  nonzero  albeit  small  contact  interactions  found  experimentally  was  explained  by 
configuration  interaction  (Cl)  theory.  This  raises  the  question  whether  the  vacancy  can  be  described  without  the 
incorporation  of  Cl  theory.  We  have  performed  an  ab  initio  calculation  using  the  standard  local  spin  density 
approximation  (LSD A)  for  the  exchange-correlation  interaction.  We  obtain  the  order  of  magnitude  of  the  hf 
interaction  with  the  nuclei  in  the  (1  1  0)  plane,  if  we  just  impose  the  C2v  symmetry  on  the  unrelaxed  V£j  defect  state. 
When  taking  into  account  the  properly  relaxed  ligand  coordinates,  we  obtain  quantitative  agreement  with  experimental 
data.  Thus  for  V^j  in  silicon,  correlation  effects  are  important  and  are  treated  satisfactorily  within  the  LSDA.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71. 15. Mb;  71.55.Cn;  76.30.Da 

Keywords:  Configuration  interaction;  LSDA;  Hyperfine  interaction;  Vacancies 


1.  Introduction 

The  first  review  [1]  of  the  EPR  spectra  of  the  vacancy 
already  showed  that  different  charge  states  give  rise  to 
different  symmetry-lowering  Jahn-Teller  distortions.  In 
a  simple  LCAO  picture  the  D2d  distortion  of  Vjj  and 
also  the  C2v  distortion  of  V^  could  be  successfully 
explained  [1,2]. 

A  calculation  of  the  electronic  structure  of  the 
vacancy  by  ab  initio  methods  proved  to  be  a  major 
challenge  to  theorists.  Although  the  first  total  energy 
calculations  were  quite  successful  [3],  it  turned  out  that 
the  calculation  of  the  lattice  relaxation  was  quite 
cumbersome  (see  e.g.  Refs.  [4-6]):  the  energy  surface 
turned  out  to  be  extremely  flat  such  that  the  position  of 
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the  minimum  in  the  coordination  space  did  depend  on 
such  details  of  the  calculation  like  the  supercell  size  and 
k-point  sampling.  It  turns  out  that  a  supercell  of  at  least 
216  atoms  is  required  to  obtain  the  symmetry  of  the 
lattice  relaxation  predicted  by  the  LCAO  scheme  [1]  for 
the  neutral  vacancy. 

For  the  vacancy  in  the  paramagnetic  V-  charge  states 
extremely  detailed  experimental  information  is  available 
from  electron  paramagnetic  resonance  (EPR)  [1]  and  in 
particular  from  electron  nuclear  double  resonance 
(ENDOR)  experiment  [7].  Yet,  up  to  now  most 
published  theoretical  papers  dealt  with  V°  and  none 
did  include  spin  polarization.  The  calculation  of  the 
hyperfine  (hf)  interactions  with  the  ligand  nuclei  for  V” 
[8],  based  on  the  LDA  ignoring  spin  polarization  effects, 
simulates  the  magnetization  density  by  the  particle 
density  of  the  unpaired  gap  state. 

Since,  this  state  transforms  according  to  the  bi 
irreducible  representation  of  the  point  group  C2v,  the 
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particle  density  is  concentrated  in  the  (1  1 0)  plane  with  a 
(110)  nodal  plane.  Therefore,  Sugino  and  Oshiyama  [8] 
find  the  isotropic  hf  interaction  to  be  zero  by  symmetry 
for  all  nuclei  within  this  (110)  plane.  In  contrast, 
experimental  ENDOR  data  [7]  exhibit  small  but  nonzero 
contact  hf  interactions  with  several  shells  of  nuclei 
within  the  (I  1  0)  plane.  Lannoo  [9]  has  shown  that  the 
order  of  magnitude  of  these  interactions  can  be 
accounted  for  in  the  LCAO  picture  if  excited  states  arc 
included  in  a  configuration  interaction  (Cl)  scheme.  This 
raises  the  question  whether  it  is  necessary  to  use  Cl  in 
order  to  explain  the  small  contact  interactions  with 
nuclei  on  the  (1  1  0)  plane. 

In  the  local  spin  density  approximation  (LSDA),  the 
spin  density  is  represented  by  that  of  the  Kohn- -Sham 
orbitals.  The  paramagnetic  state  of  V  with  spin  1 J2  is 
obtained  by  the  occupation  of  the  gap  state  which 
transforms  according  to  b|  with  spin  up,  leaving  the 
spin-down  state  of  this  orbital  unoccupied.  Since  all  the 
other  orbitals  are  either  unoccupied,  or  occupied  both 
for  spin-up  and  spin-down,  the  magnetization  density 
reflects  the  b,  symmetry.  In  a  self-consistent  calculation, 
however,  the  spin  polarization  of  this  bi  orbital  is 
transferred  in  part  to  all  other  K  oh n -Sham  orbitals.  The 
resulting  magnetization  density,  although  still  approxi¬ 
mately  reflecting  the  b]  symmetry,  may  be  nonzero  even 
at  the  (110)  nodal  planes.  Thus  a  LSDA  treatment 
could  in  principle  be  sufficient  to  understand  the  hf 
interactions  of  V  . 

We  investigate  this  question  in  the  present  paper.  We 
start  in  the  next  section  calculating  the  relaxed  atomic 
geometry  for  the  V  state  of  the  vacancy  in  a  supercell 
calculation.  With  the  atomic  coordinates  thus  obtained 
we  calculate  the  hf  interactions.  We  show  that  while  the 
larger  interactions  are  found  for  nuclei  in  the  (1  I  0) 
plane,  much  smaller  interactions  are  found  for  nuclei  in 
the  (110)  plane  as  observed  experimentally.  We  obtain 
fair  agreement  of  our  calculated  hf  data  with  experi¬ 
mental  ENDOR  data  [7].  Hence,  there  is  no  need  to 
include  Cl  into  the  calculation  of  the  electronic  state 
of  V". 


2.  Total  energy  calculation  of  the  relaxed  geometry 

For  the  calculation  of  the  atomic  geometry  of  the  V 
defect  we  have  used  the  self-consistent  charge  density- 
functional  theory  based  tight-binding  scheme  (SCC- 
DFTB)  [10].  In  this  calculation  no  spin  polarization  was 
taken  into  account.  Our  calculations  were  done  for  sc 
supercells  containing  64,  216.  and  512  atoms  and  for  fee 
supercells  with  128  and  250  atoms,  respectively.  We 
relaxed  all  atoms  in  a  conjugate-gradient  calculation. 
Since  the  energy  contour  in  the  configuration  space  for 
V°  is  known  to  be  extremely  flat  [6,5]  we  started  with 
different  point  group  symmetries  (Td.  D2d,  C2\,  C.w, 


and  Dm),  keeping  the  symmetry  constraint  fixed  during 
relaxation.  We  have  also  performed  relaxations  without 
symmetry  constraints,  obtaining  similar  results. 

For  the  V2f  charge  state  the  relaxation  maintains  the 
Td  symmetry  corresponding  to  an  energy  gain  of  1.1  eV. 
For  the  positive  (neutral)  charge  states  a  D2cI  Jahn- 
Teller  distortion  lead  to  an  additional  gain  of 
0. 1 2  eV  (0.29  eV). 

For  the  negative  charge  state  of  the  vacancy  the  15% 
inwards  relaxation  of  the  nearest  neighbors  contributed 
1.25  eV,  while  the  D2d  and  C2v  distortions  accounted  for 
0.17  and  0.03  eV,  respectively.  Thus  according  to  a 
spinless  calculation  we  obtained  for  V-  a  low-spin  2B, 
many-body  ground  state  of  C2v  symmetry.  Since  the 
alternative  high-spin  state  could  as  well  be  the  ground 
state,  it  is  necessary  to  perform  a  spin-polarized 
calculation  as  well. 

This  has  been  done  in  a  Green’s  function  scheme 
using  the  relaxed  coordinates  of  the  SCC-DFTB 
calculation.  Spin  densities  have  been  calculated  using 
the  linear  muffin-tin  orbitals  method  in  the  atomic- 
spheres  approximation  (LMTO-ASA)  [11].  For  the 
exchange-correlation  potential  we  have  used  the  LSDA 
results  of  Ceperley  and  Alder  [12]  in  the  Perdew-Zunger 
parametrization  scheme  [13],  including  the  (small)  spin 
polarization  of  the  core  states. 

The  energy  of  the  4A2  high-spin  state  of  V  in  Td 
symmetry  is  by  0.09  eV  larger  than  that  of  the  2B,  state 
in  C2v  symmetry.  Although  this  difference  of  the  total 
energies  is  quite  small,  we  see  that  an  ab  initio 
calculation  including  the  spin  polarization  predicts  the 
2Bi  ground  state  observed  experimentally. 

For  V  in  silicon,  the  energy  gain  obtained  by  spin 
pairing  with  0.11  eV  is  remarkably  small,  smaller  by  a 
factor  of  3  (5)  if  compared  with  the  respective  value  for 
the  Vsi  in  SiC  (V(  in  diamond).  In  all  cases  the  main 
contribution  to  the  relaxation  energy  comes  from  the 
rather  large  tetrahedral  inwards  breathing  relaxation 
(-1.25  eV  for  V  ),  whereas  the  pairing  contributes  only 
-0.2  eV  to  the  relaxation  energy. 

When  relaxing  the  positions  of  the  four  nearest 
neighbors  exclusively,  we  found  the  two  neighbors  (a  and 
d  in  the  notation  of  [1])  in  the  (1  T  0)  plane  to  move 
somewhat  closer  than  neighbors  b  and  c.  The  same  was 
observed  by  Sugino  and  Oshiyama  [8]  in  their  64  atom 
supercell.  However,  when  relaxing  the  next  nearest 
neighbors  as  well,  the  orthorhombic  relaxation  is 
reversed,  with  an  a  -  d  distance  that  is  by  10%  larger 
than  the  b-c  distance. 


3.  Hyperfine  interactions 

The  hf  interactions  have  been  calculated  using  the 
LMTO-ASA  Green's  function  scheme.  For  the  vacancy 
in  the  singly  positive  charge  state  W'e  obtain  hf 
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interactions  with  the  nearest  neighbors  which  amount  to 
a  =  -99  MHz  and  b  —  -14.8  MHz,  values  that  com¬ 
pare  well  with  the  experimental  data  of  103.5  and 
13.9  MHz  ([1],  the  absolute  signs  have  not  been 
determined). 

Our  primary  interest  is  focused  on  the  negative 
charge  state  of  the  vacancy,  because  here  experimen¬ 
tal  ENDOR  data  suggested  the  necessity  of  a  Cl 
calculation.  We  find  minor  changes  only  for  the  hf 
interactions  with  the  nuclei  in  the  (llO)  plane  denoted 
by  M ad,  if  we  compare  results  obtained  with  spin 
polarization  with  those  calculated  ignoring  spin 
polarization  (as  in  Ref.  [8]).  But  of  course,  for  the  nuclei 
in  the  (1  1 0)  plane  (denoted  by  M be  and  by  T, 
respectively)  the  contact  hf  interactions  are  zero  by 
symmetry  in  a  calculation  without  spin  polarization 
(as  in  Ref.  [8]).  The  results  listed  in  Table  1,  obtained 
including  spin  polarization,  compare  hf  interactions 
obtained  for  unrelaxed  lattice  positions,  however 
assuming  a  C2V  symmetry  of  the  defect,  with  those 
for  fully  relaxed  coordinates,  and  with  experimental 
ENDOR  data  [7].  Note  that  for  the  experimental 
contact  interactions  positive  values  have  been  assumed. 
As  is  evident  from  Table  1,  the  contact  interactions 
for  most  Mad  nuclei  are  negative.  Since  for  29Si  the 
nuclear  gyromagnetic  factor  is  negative,  this  means 
that  the  magnetization  density  at  these  nuclei  is  positive. 
Fig.  1  shows  the  spin  density  and  the  magnetization 
densities  for  V“  in  the  (1  1 0)  and  (110)  planes, 
respectively.  It  is  evident  that  most  of  the  hf  interaction 
with  the  Mad  nuclei  originates  directly  from  the 
spin  density  of  the  gap  state.  The  interactions  with 
the  Mbc  nuclei  are  about  two  orders  of  magnitude 


smaller  in  modulus  than  those  with  the  Mad  nuclei 
in  the  (1  I  0)  plane.  Yet  the  agreement  with  experimental 
data  for  the  latter  is  comparable  to  the  agreement 
observed  for  the  former. 

It  is  interesting  to  compare  the  magnetization 
densities  in  the  (11  0)  plane  with  the  particle  densities 
shown  in  Fig.  1.  For  the  a'/  gap  state  (occupied  both 
with  spin-up  and  spin-down)  the  induced  magnetization 
density  is  negative  and  closely  resembles  the  (positive) 
particle  density  both  in  the  (110)  and  the  (110)  plane, 
whereas  for  the  a',  resonance  the  induced  magnetization 
is  positive  in  both  planes.  In  summary,  the  total 
magnetization  density  in  the  (1  I  0)  plane  is  positive  in 
rather  large  regions  between  the  nuclear  positions, 
however,  with  very  small  negative  values  at  most  of 
the  M be  nuclei.  Among  the  excited  configurations  with 
2Bi  symmetry  the  term  denoted  W4  in  Ref.  [9],  for  which 
the  a'/  state  is  occupied  as  spin-up  and  the  a'j  is  occupied 
as  spin-down,  would  lead  to  a  magnetization  density 
that  matches  that  of  the  LSD  A  calculation  for  the  (110) 
plane.  The  present  LSDA  predicts  the  magnetization 
density  at  the  Mad  nuclei  to  be  negative  (with  the 
possible  exception  of  Mbc5),  Unfortunately,  this  pre¬ 
diction  cannot  be  checked  against  experiment  because 
the  absolute  signs  of  the  experimental  contact  hf 
interactions  are  not  known. 


5.  Conclusions 

We  have  confirmed  that  the  ligand  hf  interactions 
with  the  Mad  nuclei  can  be  obtained  from  the  spin 
density  of  the  unpaired  gap  state.  However,  the  much 


Table  1 

Ligand  hyperfine  parameters  for  the  V"  in  silicon11 


Shell 

Unrelaxed 

Relaxed 

Experimental 

a 

b 

b' 

a 

b 

b ' 

a 

b 

b' 

Mad\ 

(1,U) 

-230 

-26.8 

-0.1 

-242. 

-22.9 

-0.59 

355.8456 

22.3034 

1.2629 

Mad2 

(2,2,0) 

-21.0 

-3.4 

-0.37 

-35.1 

-7.4 

-0.08 

50.2032 

5.4894 

0.6627 

Mad3 

(3,3,1) 

-26.4 

-0.10 

-0.04 

-14.6 

-3.17 

-0.14 

30.5211 

3.6690 

0.2911 

Mad ? 

(1,1,3) 

0.12 

-0.08 

-0.05 

-0.73 

-0.26 

-0.09 

Mbcl 

(U,3) 

2.24 

0.08 

0.08 

1.81 

0.14 

0.10 

2.1058 

0.1763 

0.0969 

Mbc2 

(2,2,0) 

1.08 

0.09 

0.04 

0.94 

0.12 

0.04 

1.9976 

0.2043 

0.1757 

Mbc3 

(2,2,4) 

1.02 

0.04 

0.03 

0.82 

0.05 

0.03 

0.8305 

0.0674 

0.0358 

Mbc4 

(2,2,4) 

0.17 

-0.002 

0.003 

0.25 

-0.03 

0.01 

0.2096 

-0.0319 

0.0078 

M  bc5 

(1,1,1) 

2.94 

-0.28 

0.204 

-0.053 

0.61 

0.28 

0.2038 

0.6805 

0.0744 

Mbcl 

(3,3,1) 

0.21 

-0.033 

-0.005 

0.022 

-0.025 

0.023 

T1 

(0,0,4) 

0.37 

0.07 

0.04 

0.44 

0.06 

0.05 

0.6662 

-0.0741 

-0.0323 

T2 

(0,0,4) 

0.14 

-0.027 

-0.029 

0.17 

-0.12 

0.03 

0.2827 

0.0327 

0.0006 

aThe  ligand  hf  interactions  calculated  for  an  unrelaxed  Y  with  a  C?v  symmetry  constraint  and  for  the  V  with  the  relaxed 
coordinates  from  the  SCC-DFTB  calculation  are  compared  with  the  experimental  ENDOR  data  of  Sprenger  et  al.  [7]. 
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Fig.  1.  Contour  plots  for  the  V  vacancy.  The  top  row  shows  the  total  magnetization  density  in  the  (I  1  0)  (left)  and  (1  1 0)  planes 
(right).  In  the  center  row  the  figures  are  split  into  magnetization  density  (left  half)  and  particle  density  (right  half)  for  the  a"  state  in  the 
(1  1 0)  (left  figure)  and  (1  1  0)  planes  (right  figure).  In  the  lower  row  the  magnetization  density  induced  in  the  valence  band  is  shown  in 
the  (1  1 0)  plane  (left)  and  in  the  (110)  plane  (right). 


smaller  interactions  with  the  M/?r  and  T  nuclei  cannot 
be  obtained  without  a  fair  representation  of  the  lattice 
relaxation  and  of  the  spin  polarization  that  is  caused  by 
the  unpaired  spin  of  the  gap  state.  The  fair  agreement 
with  experimental  data  shown  in  this  paper  proves  that 


for  V  spin  polarization  effects  are  important  and  can  be 
satisfactorily  treated  within  the  LSDA,  without  the  need 
to  include  Cl  terms.  This  is  quite  fortunate,  since 
presently  quantitative  Cl  calculation  for  V~  would  be 
extremely  ambitious. 
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Abstract 

Equilibrium  concentration  of  vacancies  under  the  anisotropic  stress  field  around  an  impurity  is  investigated.  The 
anisotropy  of  the  work  by  anisotropic  stress  is  considered.  Threshold  change  of  equilibrium  concentration  of  vacancies 
corresponding  to  the  reported  change  of  void  density  by  B  and  Sb  doping  is  found.  By  using  this,  we  can  predict  the 
void  density  change  in  doped  Si.  T  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  Equilibrium  concentration:  Vacancies:  Impurities:  Stress 


1.  Introduction 

Void  defects  (vacancy  type  defects)  were  found  in 
as-grown  Czochralski  silicon  (CZ)  crystal.  These  cause 
the  degradation  of  metal-oxide-semiconductor  device 
performance  [1].  Therefore,  epitaxial  wafer,  which 
excludes  void  defects  in  device  active  region,  has  been 
used  for  hi-end  devices.  High  concentration  boron  (B) 
doped  CZ-Si  is  used  as  substrate  of  epitaxial  film. 
It  has  been  reported  that  the  number  of  void  defects 
decreases  and  the  location  of  the  oxidation  induced 
stacking  fault  ring  (OSF-ring)  moves  inward  by  high 
concentration  B  doping  in  CZ-Si  [2].  Recently,  there  is  a 
tendency  that  B  concentration  in  epitaxial  wafer 
decreases.  This  means  that  decrease  of  void  defects  due 
to  B  doping  is  suppressed.  To  control  void  defects,  it  is 
important  to  clarify  the  mechanism  of  the  change  of 
ones  due  to  impurity  doping.  The  change  of  defects  is 
considered  to  be  due  to  the  change  of  point  defect 
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concentration.  Though  various  models  such  as  Fermi 
level  effect  [3]  and  size  effect  [4]  are  proposed  for  the 
origin  of  point  defect  concentration  change  by  doping,  it 
is  not  clear  yet. 

We  have  been  investigated  the  effects  of  stress  on  the 
behavior  of  point  defects  in  a  growing  crystal  [5].  We 
considered  the  change  of  equilibrium  concentration  of 
vacancies  by  the  impurity  doping  is  due  to  stress  around 
impurity.  On  the  basis  of  experimental  data  on  increase 
of  vacancy  concentration  due  to  Sn  doping  [6].  we  have 
successfully  analyzed  this  by  performing  phenomenolo¬ 
gical  treatment  of  equilibrium  concentration  change  of 
vacancies  as  stress  effect  [7].  In  this  paper,  we  analyze 
this  further  by  considering  the  anisotropic  stress  field 
around  an  impurity  in  detail.  In  Section  2,  basic 
equations  for  the  equilibrium  point  defect  concentration 
under  isotropic  stress  and  the  anisotropic  stress  field 
around  an  impurity  are  described.  In  Section  3,  we 
consider  the  anisotropy  of  the  work  under  the  aniso¬ 
tropic  stress  field  and  formulate  equilibrium  concentra¬ 
tion  of  vacancies  in  impurity  doped  Si.  In  Section  4,  we 
calculate  the  change  of  equilibrium  concentration  of 
vacancies  corresponding  to  the  impurity  species  and 
concentration,  which  changes  void  density.  We  show 
that  the  change  of  void  defects  due  to  impurity  doping  is 
caused  by  stress  by  the  impurity. 
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2.  Basic  equations 

2.1.  Equilibrium  concentration  of  vacancies  under 
isotropic  stress 

Previously,  Cowern  et  al.  [8]  have  formulated 
equilibrium  concentration  of  vacancies  under  the 
homogeneous  stress  field  [8].  It  is  determined  by  the 
work  by  stress,  which  is  the  product  of  stress  <j  and 
relaxation  volume  AVf  (<0)  and  given  as 

C?-C?«p(^).  (1) 

Here,  Cjq  is  equilibrium  concentration  in  stress-free 
crystal.  Equilibrium  concentration  increases  under  the 
compressive  stress  (cr<0),  because  the  work  for  forma¬ 
tion  of  vacancy  is  positive  (oAVy  >  0). 

2.2.  Anisotropic  stress  field  around  an  impurity 

Stress  field  around  an  impurity  in  Si  matrix  is  not 
known  yet.  Rigid  sphere  insertion  model  has  been  used 
for  the  stress  around  an  impurity  whose  size  is  different 
from  the  matrix  atoms  [9],  i.e.,  silicon  atom  is  removed 
from  the  matrix  and  impurity  atom  is  put  into  the 
vacant  site.  Fig.  1  is  the  schematic  illustration  of 
displacement  of  silicon  atoms  around  a  large  impurity. 
According  to  rigid  sphere  insertion  model,  around  the 
large  impurity  compressive  stress  occurs  along  the  radial 
(r)  direction  from  the  impurity  and  tensile  stress  does 
along  its  normal  (6  and  <p)  directions.  Displacement  of 
silicon  atom,  w,  is  inversely  proportional  to  the  square  of 
distance  from  impurity  r  and  stress  a  is  inversely 
proportional  to  the  cubic  of  one.  They  are  described  as 
follows: 


orr  =  -4p-^,  a00  =  =  2/i-j  ,  (3) 


where  c  =  4 (n  -  rofil  (r^2r0).  Here  r\  and  r0  are  the 
atomic  radius  of  impurity  and  silicon  atom,  respectively. 
p  is  the  shear  modulus.  It  is  to  be  noted  that  the  stress 
field  around  impurity  is  highly  anisotropic.  Thus,  we 
have  to  extend  the  theory  by  Cowern  et  al.  to  the  case  of 
anisotropic  stress  field. 

3.  Equilibrium  concentration  of  vacancies  under  the 
anisotropic  stress  field  around  impurity 

3.1.  Anisotropy  of  the  work  under  the  anisotropic  stress 
field  around  impurity 

Equilibrium  concentration  of  point  defects  under 
stress  is  determined  by  the  work.  The  values  of  stress 
and  relaxation  volume  are  necessary  to  calculate  the 
work.  Stress  is  given  in  Section  2.  Thus,  we  discuss 
another  important  factor,  relaxation  volume  here. 

As  shown  in  Fig.  1,  total  work  for  formation  of 
vacancies  under  the  stress  is  sum  of  each  component  of 
the  work  along  to  r,  6  and  cp  directions  at  the  distance  r 
from  the  impurity. 

WV  =  OnAVr  4-  OoqAVo  +  (T(f)(f>AV(f),  (4) 

where  AVr,  A  Vo  and  AV<P  are  the  relaxation  volumes 
along  r,  0  and  q>  directions,  respectively,  as  shown  in 
Fig.  1 .  Fig.  2  is  the  schematic  illustration  of  the  change 
of  relaxation  volume  under  the  anisotropic  stress  field 
around  impurity.  Fig.  2(a)  shows  the  configuration  of 
silicon  atoms  under  the  homogeneous  stress  field. 
Dotted  line  in  Fig.  2(b)  is  the  atomic  volume  corre¬ 
sponding  to  each  atom  in  Fig.  2(a).  Relaxation  volume 
for  formation  of  vacancies  under  homogeneous  stress 
field  is  isotropic  as  shown  by  the  broken  line  in  Fig.  2(b). 
So  far,  there  is  no  consideration  of  the  change  of 
relaxation  volume  under  the  anisotropic  stress  field. 
Here,  we  consider  that  the  relaxation  volume  under  the 
anisotropic  stress  field  AVy  is  changed  anisotropically 
from  that  under  the  isotropic  stress  to  relax  anisotropic 


vacancy 


Fig.  1 .  Schematic  illustration  of  displacement  of  silicon  atom  and  volume  change  for  formation  of  vacancy  around  a  large  impurity. 
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(homogeneous  stress) 

anisotropic  volume  change 
(anisotropic  stress  field) 


(b) 

Fig.  2.  Schematic  illustration  of  the  change  of  relaxation 
volume  under  the  anisotropic  stress  field  around  an  impurity. 


stress.  In  case  of  large  impurity  doping  as  shown  in 
Fig.  2(a),  the  inward  relaxation  around  vacancy  (dis¬ 
placement  of  surrounding  atomic)  is  increased  along  the 
r  direction  (compressive),  whereas  decreased  in  the  0  and 
<p  directions  (tensile)  indicated  by  solid  line  in  Fig.  2(b). 

Next,  we  calculate  \\\.  Under  the  isotropic  stress  field, 
because  of  arr  -F  am  +  =  0  as  shown  in  Eq.  (3),  the 

sum  of  work  by  the  homogeneous  relaxation  is  zero. 
Under  the  anisotropic  stress  field,  the  relaxation  volume 
changes  to  the  hatched  anisotropic  region  in  Fig.  2(b). 
We  call  these  anisotropic  components  of  relaxation 
volume,  Ar.  In  large  impurity  doped  Si  as  shown  in 
Fig.  2(b)  it  is  clear  that  Ar,  <0,  At v>  >  0,  Arv  >  0. 

Because  of  arrAvr  >  0  (Ycyf<0),  am&i'o  >  0 

( Y am  >  0)  and  a<?0 Ai\,  >  0  ( Y<rw  >  0)  in  large  impurity 
doped  Si,  \\\  is  always  positive  and  equilibrium 
concentration  of  vacancy  increases.  For  the  quantitative 
discussion,  relaxation  volume  should  be  examined  in 
more  detail.  Relaxation  of  stress  is  achieved  by  the 
removal  of  displacement  u  by  impurity.  Therefore,  it  is 
assumed  that  -dr  has  the  same  dependence  on  r  with  u.  It 
is  inversely  proportional  to  the  square  of  r  and  described 
as 


where  Ar0  is  the  relaxation  volume  for  formation  of 
vacancy  at  nearest-neighbor  (2r())  of  impurity.  Substitut¬ 
ing  Eqs.  (3)  and  (5)  into  Eq.  (4),  \\\  is  described  as  a 
function  of  r. 


A  1  A  (2r,y  ,  „  1  A 

UV  =  “4/(c  ^xAty, —  +  2f.ic-yxAv(it,  — — 

+  2/(o  -^xAr^-'^ 

(2r())2  /  Av0i,  Av,‘,  \ 

=  -4^—  (At.-  —  — f) 

=  -4/if  OlL  AKr. 
r 


Here  Ar,lt  -  (Av0J2)  -  (AiVll/2)  =  AFR. 


3.2.  Formulation  of  equilibrium  concentration  of 
vacancies  under  the  anisotropic  stress  by  impurity 

Using  the  work  obtained  in  the  above  section, 
equilibrium  concentration  of  vacancies  under  the 
anisotropic  stress  field  is  formulated.  For  simplicity, 
homogeneous  distribution  of  impurities  with  constant 
distance  d  is  considered.  The  work  averaged  from 
neighboring  site  of  impurity,  2 r(),  to  d/2  is  given  as 

w  /Y  kr  4  m-  d<- 

4n/3(il/2)2  -  4n/M2 r„)2 

=  -48/<fAKRF  (7) 

The  relationship  of  1  /dd  =  N  (N  is  the  concentration  of 
impurity)  is  held  for  a  homogeneous  distribution. 

Therefore  the  work  is  given  as  a  function  of  N, 

W  —  -48  pcd}VRN.  (8) 

Using  the  work  shown  in  Eq.  (8).  equilibrium  concen¬ 
tration  is  given  as 

Ccq  =  exp((rA  F,.-  jk  T) 

=  C«p  (W/kT) 

-  C  exp(— 48/tcA V^N /h T) 

=  C  exp!-192/((n  -  ru)riAVRN/kT),  (9) 

where  CJJ11  is  equilibrium  concentration  in  undoped 
crystal.  So  far,  the  effect  of  stress  due  to  impurity  doping 
on  the  change  of  equilibrium  concentration  of  vacancies 
is  not  known.  In  this  paper,  thus,  it  is  found  that  the 
equilibrium  concentration  of  vacancies  has  an  exponen¬ 
tial  dependence  on  the  product  of  (/-j  -  r())  and  N.  This  is 
interpreted  as  follows;  work  per  impurity  is  determined 
by  the  stress,  i.e.  difference  of  atomic  radius  between 
silicon  and  impurity.  Also  the  work  per  unit  volume  is 
proportional  to  the  number  of  impurity  N. 
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4.  Analysis  of  void  density  change  by  the  stress  due  to 
impurity  doping 

Now,  we  calculate  the  equilibrium  concentration  of 
vacancies  and  discuss  its  role  in  the  reported  change  of 
void  densities  by  impurity  doping.  Recently,  Ono  et  al. 
[10]  reported  that  Sb  doping  increases  COP  (void) 
density  in  addition  to  the  well  known  decrease  of  one  by 
B  doping  [10].  In  their  report,  B  doping  for  6  x  10l8/cm3 
and  1.5  x  1019/cm3  decreases  void  density,  whereas  Sb 
doping  for  5  x  1018/cm3  increases  one.  On  the  other 
hand,  B  doping  for  1  x  1015/cm3  does  not  change  void 
density  and  the  number  of  void  defects  in  1  x  1018/cm3 
Sb  doped  Si  is  the  same  as  that.  Therefore,  we  consider 
that  Sb  doping  for  1  x  1018/cm3  does  not  affect  the  void 
density. 

The  changes  of  equilibrium  concentration  of  vacan¬ 
cies  corresponding  to  impurity  concentration  corre¬ 
sponding  to  void  density  changes  are  calculated.  Only 
unknown  parameter  for  calculation  is  APr.  It  is 
assumed  to  be  —6.67  A3  of  atomic  volume  of  silicon). 
Fig.  3  shows  calculated  results.  Decreases  of  vacancy 
concentration  by  B  doping  for  1  x  1015/cm3,  6x  1 018/ 
cm3  and  1.5xl019/cm3  are  0.0002%  (cross  mark), 
0.96%  (closed  circle)  and  2.39%  (closed  circle),  respec¬ 
tively.  On  the  other  hand,  increase  of  one  by  Sb  doping 
for  1  x  1018/cm3  and  5xlOl8/cm3  are  0.011%  (cross 
mark)  and  0.53%  (open  circle),  respectively.  Though 
these  values  change  by  changing  AKr,  relative  amount 
keeps  the  same  tendency.  It  is  to  be  noted  that  the 
threshold  changes  of  equilibrium  concentration  of 
vacancies  required  for  void  density  change  are  nearly 
equal  in  the  two  cases  (dotted  lines  in  Fig.  3), 
irrespective  of  the  dopant  type,  atomic  size  difference 
and  impurity  concentration.  This  supports  that  the 
change  of  void  density  is  caused  by  the  stress  effect.  As 
the  threshold  vacancy  concentration  corresponding  to 
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Fig.  3.  Calculated  change  of  equilibrium  concentration  of 
vacancies  due  to  impurity  doping. 


void  density  change  is  found,  we  can  predict  void  density 
change  in  any  impurity  doped  Si. 

5.  Summary 

We  examine  the  stress  effect  due  to  impurity  doping 
on  the  change  of  equilibrium  concentration  of  vacancy. 
Considering  the  anisotropy  of  the  work  by  the 
anisotropic  stress  due  to  impurity,  equilibrium  concen¬ 
tration  of  vacancies  is  formulated.  The  changes  of 
equilibrium  concentration  of  vacancies  are  calculated  in 
B  and  Sb  doped  Si  where  void  density  change  is 
reported.  Threshold  value  corresponding  to  void  density 
change  is  found,  irrespective  of  the  dopant  type,  atomic 
size  difference  and  impurity  concentration.  This  makes  it 
possible  to  predict  void  density  change  in  impurity 
doped  Si. 


Acknowledgements 

We  are  grateful  to  Dr.  H.  Yamada-Kaneta  for 
stimulating  discussion  and  Y.  Minamino  for  help  in 
preparation  of  the  manuscript.  This  work  was  partially 
supported  by  JSPS  Research  for  the  Future  Program. 

References 

[1]  M.  Itsumi,  H.  Akiya,  T.  Ueki,  M.  Tomita,  M.  Yamawaki, 
J.  Appl.  Phys.  78  (1995)  5984. 

[2]  M.  Suhren,  D.  Graf,  U.  Lambert,  P.  Wagner,  J.  Electro- 
chem.  Soc.  144  (1997)  4041. 

[3]  W.  Wijaranakula,  S.  Archer,  Appl.  Phys.  Lett.  65  (1994) 
2069. 

[4]  E.  Dornberger,  D.  Graf,  M.  Suhren,  U.  Lambert,  P. 
Wagner,  F.  Dupret,  W.  von  Ammon,  J.  Crystal  Growth 
180  (1997)  343. 

[5]  K.  Tanahashi,  N.  Inoue,  J.  Mater.  Sci.  10  (1999)  359. 

[6]  N.S.  Rytova,  E.V.  Solov’eva,  Sov.  Phys.  Semicond. 
20  (1986)  869. 

[7]  K.  Tanahashi,  M.  Kikuchi,  T.  Higashino,  N.  Inoue, 
Y.  Mizokawa,  Physica  B  273  (1999)  493. 

[8]  N.E.B.  Cowern,  W.J.  Kersten,  R.C.M.  Dekruif,  J.G.M. 
van  Berkum,  W.B.  de  Boer,  D.J.  Gravesteijn,  C.W.T. 
Bulle-Liewma,  in:  G.R.  Srinivasan,  C.S.  Murthy,  S.T. 
Dunham  (Eds.),  Proceedings  of  the  4th  International 
Symposium  on  Process  Physics  and  Modeling  in  Semi¬ 
conductor  Devices,  Electrochem.  Soc.  Proc.,  Vol.  96-4, 
Electrochem.  Soc.  Pennington,  NJ,  1996,  p.  95. 

[9]  A.E.H.  Love,  A  Treatise  on  the  Mathematical  Theory  of 
Elasticity,  Dover,  New  York,  1944. 

[10]  T.  Ono,  H.  Horie,  M.  Miyazaki,  H.  Tsuya,  G.A. 
Rozgonyi,  Defects  in  Silicon  III,  The  Electrochemical 
Society,  1999,  p.  300. 


ELSEVIER 


PnSKA; 

Physica  B  308  310  (2001)  506  509  =■ 

www.clscvicr.com/locatc/physh 


Mechanisms  of  capture-  and  recombination-enhanced  defect 

reactions  in  semiconductors 


Yuzo  Shinozuka* 

Faculty  of  Systems  Engineering i,  Wakayama  University .  Skaedani  930,  Wakayama,  640-85 10,  Japan 


Abstract 

Proposed  mechanisms  on  defect  reactions  in  semiconductors  (defect  creation,  annihilation,  multiplication, 
reconstruction,  impurity  diffusion,  etc.)  are  reexamined  with  particular  attention  to  the  instability  of  the  lattice  and 
the  transient  lattice  vibration  induced  by  successive  carrier  captures.  (1)  Thermal  activation  process  to  overcome  the 
potential  barrier  U„:  it  depends  on  the  electronic  state  n  and  the  reaction  rate  is  given  by  p{)  exp {-U„/kRT).  (2)  Instability 
mechanism:  the  lattice  relaxation  after  an  electronic  transition  at  a  defect  promptly  induces  the  reaction  coordinate  QR. 
(3)  Phonon  kick  mechanism  (single  capture):  if  the  relaxation  mode  Q,  partially  includes  QR,  an  electronic  transition  to 
the  state  n  enhances  the  defect  reaction  during  the  lattice  relaxation  time  x-ln/So)  where  Am  is  the  width  of  the 
frequency  distribution  of  related  phonons.  (4)  Phonon  kick  mechanism  (recombination):  if  N  pairs  of  electron  and  hole 
are  captured  within  a  short  period  t~2tt/A to  and  the  central  frequency  «R  of  QR  is  not  so  different  from  w0  of  Qu  the 
band  gap  energy  £„  is  transformed  by  a  series  of  coherent  carrier  captures  into  the  lattice  vibration  energy.  The  defect 
reaction  rate  is  given  by  {(0{\/2n)z\p{-E'F{ /kRT)  because  only  the  first  capture  (/  —  e,  h)  is  to  be  activated.  On  the  other 
hand,  if  mR  is  much  different  from  w0,  the  rate  is  (o){)/2n)exp(-U*/khT)  with  U{)  -  (£;,ct  +  £jh)  because  the  N  phonon- 
kicks  are  out  of  phase.  T.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords;  Defect  reaction:  Instability;  Phonon  kick;  Coherent  capture 


1.  Introduction 

Electronic  transitions  sometimes  induce  or  enhance 
defect  reactions  in  semiconductors,  such  as  impurity 
diffusion,  structural  change  of  a  defect  (creation, 
annihilation  and  multiplication),  and  climb  and  glide 
motions  of  dislocation  [1],  Several  models  have 
been  proposed  so  far  to  explain  mechanisms,  which 
can  be  classified  into  two  categories  as  schematically 
shown  in  Fig.  I  [2].  One  is  the  structural  instability 
mechanism  (Fig.  1(a))  where  an  electronic  excitation 
to  a  particular  state  of  the  defect  induces  a  symmetry 
breaking  atomic  motion  such  as  the  off-center  dis¬ 
placement.  The  other  mechanism  is  the  recombi¬ 
nation  enhanced  (phonon  kick)  mechanism  (Fig.  1(b)) 
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[3-5],  where  the  transient  lattice  vibration  induced  by 
carrier  capture(s)  enhances  the  defect  reaction.  In  order 
to  control  defect  reactions  in  semiconductors,  detailed 
understanding  of  the  mechanisms  and  their  relations  are 
necessary.  The  purpose  of  the  present  paper  is  to  review 
the  proposed  mechanisms  and  classify  them  with 
particular  attention  to  the  lattice  instability  and  the 
dynamics  of  the  lattice  relaxation  after  electronic 
excitations. 


2.  Instability 

2.1.  Thermal  process 

The  stable  lattice  structure  of  a  condensed  material  is 
different  for  different  electronic  states.  Then  electronic 
transitions  (excitation,  deexcitation,  carrier  capture,  etc) 
affect  the  atomic  movements  around  defects,  sometimes 
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(a)  Si ructural  Instability  Mechanism 

f  b 

reaction 


(b)  Phonon  Kick  Mechanism 
(recombination  enhanced) 


Fig.  1.  Two  categories  of  mechanisms  for  defect  reactions 
enhanced  by  electronic  excitations. 


instability.  El-Maghraby  and  Shinozuka  [8]  have  com¬ 
prehensively  studied  the  structural  instability  in  the  Td 
symmetry  system  including  the  effect  of  spin  and  the 
electron-electron  interaction.  One  of  the  most  striking 
results  is  that  due  to  the  absence  in  electron-hole 
symmetry  in  the  sp3  bonded  system,  deep  neutral 
acceptors  A0  always  show  the  off-center  instability.  This 
presents  a  possibility  of  AX-center,  which  may  explain 
the  low  efficiency  of  p-type  doping  in  some  semiconduc¬ 
tors. 


inducing  defect  reactions.  Usually  defect  reactions  are 
induced  by  a  thermal  activation  of  phonons  to  overcome 
the  potential  barrier  U,»  which  depends  on  the  electronic 
state  n.  The  reaction  rate p  is  given  by  po  exp(-  U^/k^T), 
with  a  prefactor  po~2n/(Oo,  where  <u0  is  the  mean 
phonon  frequency.  In  Fig.  1(a)  an  electronic  excitation 
to  ex\  decreases  the  potential  barrier  height  (from  U  to 
U\)  of  the  reaction.  Then  we  can  expect  the  Fermi 
energy  dependence  of  the  reaction  rate.  The  reaction 
rate  is  increased  as  po  t\p(-Uu/k^T)  during  the  life  time 
t  of  the  excited  state.  Thus  the  enhancement  of  the 
reaction  can  be  observed  only  in  the  case  of  px  >  1. 

2.2 .  Instability 

In  Fig.  1(a)  an  excitation  to  exj  state  promptly 
generates  the  instability  of  the  lattice.  If  the  lattice 
relaxation  mode  is  symmetric  such  as  A  \g  mode,  it 
unlikely  generates  the  reaction.  Thus  the  off-center 
distortion  plays  an  important  role  in  (the  precursor 
stage  of)  the  defect  reaction. 

Many  substitutional  impurities  in  tetrahedrally 
bonded  covalent  semiconductors  have  been  found  to 
show  the  off-center  instability  to  C3V,  such  as  DX-center 
in  AlGaAs,  EL2  in  GaAs  and  N  in  Si.  It  can  be 
understood  with  the  Jahn-Teller  effect  [6],  which  states 
that  if  the  electronic  state  is  degenerate  the  atomic 
structure  automatically  lowers  the  symmetry  to  reduce 
the  degeneracy.  In  order  to  discuss  the  off-center 
instability  of  an  impurity  in  semiconductors,  the  key 
point  is  whether  the  J-T  displacements  contain  the 
displacement  Ro  of  the  impurity  atom  located  at  the 
center  [7].  It  has  been  shown  that  an  impurity  atom  at 
any  position  with  the  inversion  symmetry,  such  as  Oh 
does  not  show  the  instability  caused  by  the  J-T  effect. 
This  is  because  the  irreducible  representations  for  any 
system  with  the  inversion  symmetry  are  classified  into 
gerade  and  ungerade.  All  the  J-T  distortion  modes  are 
gerade  while  the  displacement  of  the  central  atom 
always  belongs  to  ungerade  modes.  On  the  other  hand, 
those  positions  without  the  inversion  symmetry  show 
the  off-center  instability  for  degenerate  electronic  states. 
For  example,  in  Td  case,  triply  degenerate  T\  and  Ti 
states  induce  TVtype  mode  resulting  in  the  off-center 


2.3.  Impurity  diffusion 

Let  us  next  discuss  the  impurity  diffusion  by  the 
interstitial  mechanism,  where  an  impurity  atom  diffuses 
via  interstitial  positions.  An  interstitial  impurity  may 
occupy  a  larger  vacant  site  in  the  host  lattice,  then  they 
have  high  point  symmetry  and  we  can  then  apply  the 
above  result.  If  a  localized  electronic  state  which  shows 
the  off-center  J-T  instability  at  a  position  A  continu¬ 
ously  changes  into  a  state  which  does  not  show  at  a 
position  B  and  vice  versa,  the  diffusion  is  enhanced  by 
the  electronic  excitation  and  deexcitation.  The  self¬ 
interstitial  in  Si  is  shown  to  be  of  this  type  [9].  This 
mechanism  is  similar  to  the  Bourgoin-Corbett  mechan¬ 
ism  [10,11],  where  the  electronic  transition  is  a  carrier 
capture  process. 

3.  Recombination  enhanced  defect  reaction 

3.1.  Configuration  diagram  for  deep-level  defect 

Some  deep-level  defects  whose  electronic  state 
strongly  couples  with  the  lattice  act  as  a  nonradiative 
multiphonon  recombination  center  [12,13].  Fig.  2  shows 
a  typical  example  of  the  configuration  coordinate 


Fig.  2.  The  configuration  coordinate  diagram  for  non-radiative 
multiphonon  recombination  process  at  deep-level  defects. 


508 


Y.  Shinozuka  /  Physica  B  303-310  (2001)  506  509 


diagram  of  a  deep-level  defect.  Since  there  are  many 
carriers  in  real  situation,  the  system  cannot  be  treated  as 
the  ground  state  +  a  few  excited  states.  In  Fig.  2  [nc  free 
e  +  nh  free  h]  indicates  that  there  are  nc  free  electrons 
and  »h  free  holes  with  neutral  defect  (D(])  in  order 
to  discuss  the  correlation  between  successive  captures. 
Let  qk  denote  the  Arth  normal  mode  of  the  lattice 
vibration  coupled  with  a  localized  electronic  state  with 
an  angular  frequency  cok .  The  suffix  k  stands  for  the 
wave  numbers  and  the  modes.  Without  loss  of  generality 
we  assume  that  the  equilibrium  positions  of  lattice 
modes  are  \qk  -  0}  when  the  defect  is  neutral  (Z>°)  and 
Ulk  —  qk)  when  the  defect  is  occupied  by  an  electron 
( D~ ).  It  ^convenient  to  introduce  the  interaction  mode 
Q\  =  (l/2i)5u  0)¥lkclk  where  g|  denotes  its  equili¬ 
brium  position  for  D~ .  The  net  effect  of  lattice 
distortions  {qk}  to  the  electron-hole  system  appears 
only  through  Q\  in  the  adiabatic  approximation.  The 
lattice  relaxation  energy  is  given  by  £Lr  =  J2k  0)Wkl^  — 
Q]/2.  After  an  electron  (hole)  capture  which  needs 
an  activation  energy,  £Jcl(£j;ct),  transient  lattice 
vibrations  are  induced,  where  qk  cc cos  (okt.  The  motion 
of  Q\  shows  damping  oscillation  because  it  consists 
of  many  normal  modes  with  different  frequencies. 
During  the  relaxation  an  electronic  energy  equal  to 
the  thermal  depth  £'h(£1,1h  =  £g  -  £‘h)  of  an  electron 
(hole)  is  converted  to  phonon  energies.  As  a  result  of 
an  e-h  pair  recombination,  the  electronic  energy, 
£g  =  £Jh  +  £j,h,  is  converted  to  the  lattice  vibration 
energy. 

3.2.  Enhanced  reaction  by  single  capture 


When  the  defect  is  partially  isolated  and  can  be 
considered  as  a  defect  molecule,  a  carrier  capture 
supplies  the  thermal  energy  ( ~  £jh  or  £^h)  to  the 
molecule.  Then  the  reaction  rate  will  be  increased  as 
pexp(—Uu/k]}T)  with  U*{)  ~  (7()  —  £‘h  (or  £1I1h).  This  is  the 
Week-Tully-Kimerling  mechanism  [3].  Another  me¬ 
chanism  has  been  proposed  by  Sumi  [4,5],  who  discussed 
the  time  evolution  of  the  transient  lattice  vibration  after 
a  capture,  neglecting  the  damping.  He  showed  that  the 
activation  energy  Uq  for  a  defect  reaction  is  reduced  to 

U0  -  (£?cl  +  £jh) 


Recently  Shinozuka  and  Karatsu  have  simulated  the 
transient  lattice  vibration  induced  by  successive  captures 
and  its  effect  on  the  subsequent  capture  process  [14-16]. 
If  N  pairs  of  electrons  and  holes  are  sequentially 
captured  by  the  defect,  each  occurred  at 
A- 1  <  th\  <  <  t\\2  <  <  te\  <  /h.v*  the  time  evolution  of 
Q\(t)  for  th\<t  is  given  by 

Q\ (o = eFr,m(o 

+  Cl  j-  X^exp[-Aor(/  -  h,)2/4]cos(Oi,(r  -  tej) 

\ 

+  ^exp[-<dor(r  -  'h,):/4]cos  con(l  -  hi) 

(1) 

for  a  system  whose  phonon  frequency  cok  distribution  is 
given  by  a  Gaussian  with  the  central  frequency  w(>  and 
the  width  A (».  Here  Qh^orc(t)  is  the  time  dependence  if 
the  captures  of  N  electron-hole  pairs  were  absent.  Thus, 
Q\(t)  is  shown  to  be  a  linear  combination  of  damping 
oscillations,  each  starts  at  time  tcj  or  thJ  and  lasts  for  the 
same  duration  t~27t/Aw.  It  should  be  called  here  that 
the  nonradiative  capture  time  tcj  and  /tl/  cannot  take  an 
arbitrary  value  but  should  be  obeyed  by  a  probability 
process:  the  capture  takes  place  only  when  Q\(t)  crosses 
a  critical  point  Q<.  or  Q\u  the  intersection  of  two 
adiabatic  potentials  (Fig.  2). 

3.4.  Reaction  enhanced  by  successive  captures 

Finally  we  discuss  the  effect  of  the  transient  vibration 
Eq.  (1)  on  defect  reactions.  We  will  use  the  following 
assumptions: 

(a)  The  first  electron  capture  takes  place  by  a  thermal 
activation  Q\  to  Qc  with  the  activation  energy  E*cl. 

(b)  If  Q\(t)  crosses  at  the  point  QAQh)  of  the  adiabatic 
potentials,  there  is  a  probability  pAPh)  per  time 
to  capture  an  electron  (hole)  nonradiatively. 
Pc(Ph)^ (’){)/ 2n  in  the  adiabatic  limit  [4,5]. 

(c)  The  motion  of  the  reaction  coordinate  is  given  by 
QrO)  =  Ylk  fk<lkU\  whose  frequency  distribution  is 
given  by  a  Gaussian  with  the  central  frequency  o;r 
and  the  width  Ao). 

(d)  If  QK{t)  overcomes  the  critical  point  Qc,  the  defect 
reaction  takes  place. 


where  i—  e  or  h,  and  0  is  the  angle  between  Q\  and  Q\k. 

3.3.  Correlation  between  successive  captures 

It  has  been  suggested  that  the  transient  vibration 
induced  by  a  carrier  capture  enhances  the  probability  of 
a  following  capture  of  the  opposite  carrier  [2,4,5,12,13], 


Fig.  3  shows  a  typical  example  of  the  time  evolutions 
of  the  interaction  mode  £>](/)  and  the  reaction  mode 
Q r(/).  The  values  of  parameters  used  are  indicated  in  the 
figure.  As  can  be  seen,  every  capture  process  enhances 
the  vibration  of  Q\(t).  On  the  other  hand,  it  is  not  so  for 
QrO)  in  o) o^ojr  case,  because  the  timing  of  push  and 
pull  for  Q r(/)  is  out  of  phase. 


Y.  Shinozuka  /  Physica  B  308-310  (2001)  506-509 


509 


Fig.  3.  The  transient  lattice  vibrations  induced  by  successive  carrier  captures  for  the  interaction  mode  Q\(f)  and  the  reaction 
coordinate  (9r(0-  Large  (small)  black  circle  in  (b)— (e)  indicates  the  capture  time  /e/(hy)  of  an  electron  (hole). 


4.  Summary 

Proposed  mechanisms  on  defect  reactions  in  semi¬ 
conductors  are  reexamined  with  particular  attention  to 
the  instability  of  the  lattice  and  the  transient  lattice 
vibration  induced  by  successive  carrier  captures.  The 
possibility  of  defect  reaction  has  been  discussed  in 
connection  with  the  instability  of  the  lattice  and  the 
transient  induced  lattice  vibration.  In  the  latter  case,  the 
condition  for  the  coherent  captures  turns  out  to  be 
/?eT~/?hT~c0o/A<u  >  1.  Then  if  N  pairs  of  electrons  and 
holes  are  captured  within  a  short  period  ~2n/Aco,  the 
amplitude  of  the  interaction  mode  Q\(t)  increases 
remarkably.  If  the  central  frequency  coR  of  the  reaction 
coordinate  Qr  is  not  so  different  from  co0  of  the 
interaction  mode  Q\,  the  band  gap  energy  Eg  =  £jh  + 
2sJh  can  be  transformed  by  a  series  of  coherent  carrier 
captures  into  the  lattice  vibration  energy.  The  defect 
reaction  rate  is  given  by  (coo/2n)Qxip(~Efct /kBT)  be¬ 
cause  only  the  first  capture  (i—  e,  h)  is  to  be  activated. 
On  the  other  hand,  if  coR  is  much  different  from  co0,  the 
rate  is  (<y0/27i)exp(-  Uq  /kB  T)  with  U0  -  (EfcX  +  E]h) 
because  the  N  phonon-kicks  are  out  of  phase. 
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Abstract 

Recent  ab  initio  molecular-dynamics  simulations  have  shown  that  the  di-interstitial  (I2)  and  the  stable  tri-interstitial 
(I3)  clusters  in  Si  are  highly  mobile.  In  these  complexes,  the  two  (or  three)  self-interstitials  share  a  single  bond-centered 
site,  a  feature  which  greatly  facilitates  exchange  processes  and  is  responsible  for  the  rapid  diffusion.  In  this  contribution, 
we  consider  the  possibility  that  the  precipitation  of  self-interstitials  results  from  the  clustering  of  1 3  ‘units’  rather  than 
isolated  Is.  We  study  the  interactions  h+h^h  and  E+I3-+I9  by  bringing  an  I3  toward  either  another  h  or  I6  along 
various  crystalline  directions  in  216  host  atoms  supercells.  The  calculations  show  that  these  reactions  occur  at  a 
substantial  gain  in  energy  and  that  the  stacking  along  some  directions  is  energetically  preferred  over  others.  The 
Ift+E-^Is  reaction  leads  to  a  very  stable  cluster.  The  results  suggest  that  precipitation  mechanisms  involving  rapidly 
moving  self-interstitial  clusters  could  play  an  important  role  in  the  formation  of  extended  defects,  (t  20()f  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Molecular  dynamics:  Self-interstitials:  Silicon 


1.  Introduction 

Large  concentrations  of  self-interstitials  (Is)  in  Si  are 
generated  during  common  processing  steps,  such  as  ion 
implantation.  The  self-interstitials  rapidly  form  large 
precipitates,  in  particular  {3  11}  platelets,  which  play 
critical  role(s)  in  the  transient-enhanced  diffusion  of  the 
shallow  B  acceptor;  recent  reviews  are  in  Ref.  [1].  A 
number  of  theorists  have  been  involved  in  the  calcula¬ 
tion  of  the  structures  and  electronic  properties  of  small 
I„  clusters  [2-12]  as  well  as  precipitation  mechanisms 
[13,14].  The  clustering  or  precipitation  is  always 
assumed  to  result  from  interactions  involving  isolated 
and  fast-difTusing  Is.  However,  the  energies  gained  in  the 
reaction  I„_  1  -h  I  — 1„  are  often  found  to  be  roughly 
constant  for  many  values  of  /t,  with  larger  energy  gains 
for  specific  small  clusters  such  as  I3, 14  or  I8.  No 
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conclusive  precipitation  mechanism  has  yet  emerged 
from  calculations. 

Recent  ab  initio  molecular-dynamics  (MD)  simula¬ 
tions  [15]  have  shown  that  the  H  cluster  as  well  as  the 
most  stable  configuration  of  the  I3  complex  (originally 
labeled  I;{)  diffuse  remarkably  fast  even  at  low  tempera¬ 
tures.  Both  of  these  clusters  are  centered  around  a  single 
bond-centered  (BC)  site  and  this  feature  facilitates  the 
exchange  processes  involved  in  the  diffusion.  In  this 
paper,  we  examine  the  possibility  that  the  highly  mobile 
1 3  is  the  building  block  of  larger  defect  structures  by 
studying  the  reactions  I3+I3  ->Ifl  and  E+I3-+I9. 


2.  Methodology 

Our  MD  simulations  are  done  using  the  SIESTA  code 
[16,17]  as  described  in  Ref.  [15].  In  a  nutshell,  these  are 
classical  MD  simulations  in  which  the  electronic 
problem  solved  at  the  ab  initio  level  within  density- 
functional  theory.  The  electronic  basis  sets  consist  of 
numerical  linear  combinations  of  atomic  orbitals.  The 
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Fig.  1.  The  216-atoms  cell  (or  I6)  is  around  a  centrally  located 
BC  site  and  the  second  I3  is  placed  at  other  BC  sites  along 
various  crystalline  directions.  The  directions  which  lead  to  large 
energy  gains  as  the  two  complexes  get  closer  to  each  other  are 
labeled:  (a)  <0 1 1  >,  (b)  <0  1 1 >  and  (c)  <2l  1>. 


crystal  is  represented  by  a  periodic  supercell  of  216  host 
atoms  and  the  £-point  sampling  is  reduced  to  the  r 
point.  The  basis  set  on  those  Si  atoms  that  are  at 
essentially  undisturbed  crystalline  sites  is  single  zeta,  but 
a  double-zeta  polarized  set  is  used  on  all  the  atoms  that 
are  away  from  perfect  sites.  For  example,  in  the  case  of 
I3,  only  the  three  Is  and  their  two  Si  nearest-neighbors 
have  the  larger  basis  set.  Since  the  calculations  scale  is 
N 3,  where  N  is  the  total  number  of  orbitals  in  the  cell, 
this  compromise  allows  systematic  calculations  to  be 
performed. 

Fig.  1  shows  the  216-atoms  cell.  We  place  I3  (or  16) 
around  a  centrally  located  BC  site  then  place  another  I3 
at  BC  sites  along  various  crystalline  directions.  All  the 
BC  sites  shown  by  dots  on  the  figure  are  considered.  For 
every  I3+I3  or  I6+I3  combination,  all  the  structures  are 
quenched  and  their  energies  recorded.  These  complexes 
are  very  similar  to  the  isolated  I3  and  I3  or  I6  when  at 
large  distances,  but  they  interact  and  form  new 
complexes  when  closer  to  each  other. 


3.  Results 

The  calculated  gains  in  energy  as  I3  approaches 
another  I3  as  a  function  of  their  separation  and  for 
various  approach  directions  are  shown  in  Fig.  2.  The 
distance  between  the  two  complexes  is  defined  as  the 
separation  between  their  respective  geometrical  centers. 
In  the  nearest  possible  separation,  the  1 6  complex  has 
formed.  Only  the  easiest  approach  directions  are  shown. 
Note  that  the  largest  separation  between  the  two 
complexes  in  this  cell  is  slightly  over  10  A,  a  separation 


d(A) 


Fig.  2.  Energy  gained  as  the  two  I3  complexes  get  closer  to  each 
other  to  form  I6.  One  I3  is  at  the  origin,  the  second  approaches 
from  the  right  along  the  directions  shown  in  Fig.  1. 


Fig.  3.  The  most  stable  configuration  of  the  I6  clusters  consists 
of  two  identical  triangles  rotated  by  60°  relative  to  each  other, 
centered  at  BC  site  (dot).  The  side  and  top  views  are  shown. 


at  which  some  interaction  already  occurs.  We  estimate 
that  the  reaction  I3+I3  ^  16  releases  at  least  2.5  eV, 
which  is  a  substantial  gain. 

We  found  more  than  a  dozen  possible  configurations 
of  Is .  The  most  stable  one  is  shown  in  Fig.  3.  It  is  best 
described  as  two  identical  triangles  in  {111)  planes, 
separated  by  2.0  A  and  centered  at  a  BC  site.  The 
triangles  are  not  exactly  equilateral  (the  sides  are  2.51, 
2.69,  and  2.87  A,  respectively)  but  the  entire  complex  is 
close  to  trigonal.  It  is  remarkable  that  the  most  stable  I3 
and  1(3  complexes  are  both  centered  at  a  single  BC  site. 
In  these  two  defects,  only  two  host  atoms  need  to  be 
substantially  displaced  from  the  equilibrium  sites  (about 
1 .6  A  in  the  case  of  1$)  in  order  to  accommodate  the 
entire  complex. 

The  calculated  gain  in  energy  as  I3  approaches  16  as  a 
function  of  their  separation  and  for  various  approach 


512 


M.  Gharaihch  et  al.  /  Physica  B  308 310  (2001)  510-512 


Fig.  4.  Energy  gained  as  I;  gets  closer  to  If)  to  form  Iy.  The  I6 
complex  is  at  the  origin  and  1 3  approaches  from  the  right  along 
the  directions  shown  in  Fig.  1 . 

directions  is  shown  in  Fig.  4.  The  distance  between  the 
two  complexes  is  defined  as  the  separation  between  their 
respective  geometrical  centers.  In  the  nearest  possible 
separation,  the  I9  complex  has  formed.  Only  the  easiest 
approach  directions  are  shown.  The  reaction  L-f  L  -►  Iy 
releases  about  3.0  eV,  a  gain  even  larger  than  that  for 
I3+I3  — +  1(3. 

We  have  not  yet  studied  all  the  possible  configuration 
of  I9.  But  the  most  likely  structure  can  be  described  as 
distorted  I&  and  1 3  complexes  at  the  second-nearest  BC 
sites.  Note  that  if  an  even  more  stable  structure  of  Iy 
emerges,  the  gain  in  energy  that  occurs  during  the 
clustering  will  be  even  larger  than  3  eV  mentioned  above. 

The  Is  cluster  has  been  mentioned  [12]  as  a  likely 
precursor  of  I„  platelets  and/or  a  particularly  stable 
complex.  For  this  reason,  we  have  also  considered  the 
reaction  Lt+L-^Is,  which  could  easily  occur  since  I2  is 
highly  mobile  as  well  [15],  Preliminary  calculations  give 
an  energy  gain  of  at  least  3.2  eV,  confirming  that  this 
cluster  is  particularly  stable. 


4.  Discussion 

The  issue  of  self-interstitial  precipitation  is  a  challenge 
for  ab  initio  theory.  If  one  begins  with  a  locally  large 
concentration  of  Is,  they  will  quickly  form  small  clusters 
I„,  with  /;  =  2,3,4,  etc.  but  if  I  is  the  only  fast-diffusing 
species,  the  process  is  likely  to  stop  there  unless  a 
continuous  supply  of  Is  is  provided.  However,  theory 
predicts  that  the  L  and  one  I3  clusters  (as  well  as  one 
configuration  of  I4  [18])  are  extremely  mobile  even  at 
low  temperatures.  This  opens  the  possibility  that  the 
precipitation  of  Is  involves  contributions  from  small 
clusters  such  as  h  or  I3  attracting  each  other  and 
forming  larger  precipitates.  We  have  now  shown  that  the 


reactions  I3+I3  ->  If,  and  I6+I3->I9  result  in  large  energy 
gains  of  over  2.5  and  3.0 eV,  respectively,  strongly 
suggesting  that  the  formation  of  large  precipitates  could 
well  involve  such  clusters. 
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Abstract 

The  generation  and  annihilation  of  defects  upon  electron  irradiation  and  subsequent  annealing  has  been  studied  by 
high-resolution  deep  level  transient  spectroscopy  (Laplace  DLTS)  in  phosphorus-doped  silicon  crystals  which  were 
grown  by  the  vacuum  float  zone  technique.  It  was  found  that  the  disappearance  of  phosphorus-vacancy  pairs  in  the 
temperature  range  of  125-175°C  is  accompanied  by  a  significant  reduction  in  the  concentration  of  Q  —  Cs  complexes 
and  formation  of  a  defect  with  an  acceptor  level  at  Ec  —  0.21  eV.  The  level  was  assigned  to  a  pair  of  substitutional 
carbon  atoms  (Cs-Cs),  which  is  formed  when  the  free  vacancy  released  upon  E-centre  annealing  is  captured  by  the 
Q—  Cs  complex.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS :  81.40.W;  61.72.C;  78.30.A 

Keywords:  Silicon;  Vacancy-phosphorus  pair;  Carbon-carbon  pair;  Laplace  DLTS 


1.  Introduction 

The  E-centre  (phosphorus-vacancy  pair)  is  one  of  the 
dominant  defects  induced  by  electron  irradiation  in 
phosphorus-doped  oxygen-lean  float-zone-grown  (FZ) 
Si  crystals  [1].  The  defect  introduces  an  acceptor  level  at 
about  Ec  -  0.45  eV  into  the  gap  [1,2].  Detailed  informa¬ 
tion  about  electronic  properties  and  structure  of  this 
defect  in  its  neutral  charge  state  was  obtained  by 
Watkins  and  Corbett  from  electron  spin  resonance  data 
and  electron-nuclear  double  resonance  measurements 
[1]. 

The  E-centre  was  found  to  anneal  out  at  about  1 50°C 
with  annealing  well  described  by  first  order  kinetics  [3- 
6],  This  suggests  that  the  dissociation  of  the  complex 
occurs  or  it  diffuses  to  a  trap  species  with  a  high 
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concentration.  However,  in  spite  of  a  large  number  of 
papers  related  to  investigations  of  the  E-centre 
annihilation  process,  the  annealing  mechanism(s)  of 
the  complex  is  uncertain.  From  the  results  on  the 
recovery  of  stress-induced  alignment,  an  activation 
energy  of  the  defect  re-orientation  was  found  to  be 
0.93  + 0.05  eV  [1].  This  value  was  considered  to  be  the 
activation  energy  for  the  diffusion  of  the  neutral 
phosphorus-vacancy  pair  in  the  lattice.  Practically  the 
same  value  of  activation  energy  has  been  obtained  from 
studies  of  the  E-centre  annealing  process  [3-6], 1  and  the 
conclusion  drawn  that  the  annealing  process  is  related  to 
the  migration  of  the  E-centre  through  the  lattice  as  an 
entity  to  some  species  of  trap.  The  origin  of  these  traps, 
however,  has  not  been  identified  unambiguously,  and 
products  of  the  interaction  have  not  been  detected.  On 


1  It  was  found  in  Refs.  [5,6]  that  the  annealing  process  of  the 
E-centre  is  charge-state  dependent,  being  faster  in  the  neutral 
state  (A£«0.95eV)  and  slower  in  the  negative  charge  state 
(A£«1.25eV). 
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the  other  hand,  there  are  some  indications  that  the 
dissociation  of  the  E-centres  with  the  release  of  free 
vacancies  could  occur  upon  annealing  at  about  150X. 
Supporting  evidence  for  this  hypothesis  is  an  increase  in 
A-centre  (oxygen-vacancy  pair  [7,8])  concentration 
upon  disappearance  of  E-centres  [1,9]. 


2.  Experimental 

In  the  present  study  we  have  applied  the  Laplace 
DLTS  technique  [10]  in  combination  with  low-tempera¬ 
ture  photoluminescence  measurements  to  study 
defect  reactions  associated  with  the  disappearance  of 
the  phosphorus-vacancy  pair  in  silicon.  Two  types 
of  phosphorus-doped  Si  crystals  were  used  with  initial 
resistivities  of  1  and  60Qcm.  The  crystals  were  grown 
by  the  vacuum  float  zone  technique  that  results  in 
low  oxygen  content.2  Oxygen  was  not  detectable  in 
the  crystals  by  optical  absorption  measurements  at 
room  temperature  and  so  has  a  concentration  of 
<10l5cm"\  the  concentration  of  substitutional  carbon 
atoms  was  found  to  be  about  5xI0,5cm"\ 
The  samples  were  irradiated  with  6MeV  electrons 
at  room  temperature.  30  min  isochronal  annealing  was 
carried  out  in  a  nitrogen  ambient  in  the  range  of 
75-350X  with  temperature  increments  of  25X  or 
SOX'.  Changes  in  defect  concentrations  upon  isothermal 
annealing  at  175  C  were  also  investigated.  Gold 
Schottky  diodes  were  used  for  the  DLTS  and  LDLTS 
measurements. 


3.  Experimental  results  and  discussion 

Fig.  1  shows  conventional  DLTS  spectra  for  electron- 
irradiated  samples  with  initial  resistivity  of  60  Q  cm  just 
after  irradiation  and  at  different  stages  of  isochronal 
annealing.  Several  deep  levels  were  introduced  into  the 
samples  by  the  irradiation.  From  the  analysis  of  electron 
emission  and  capture  processes  from/into  the  traps  by 
means  of  the  Laplace  DLTS  technique,  the  values  of 
activation  energies  for  emission  and  capture  cross 
sections  were  determined.  The  results  are  summarised 
in  Table  1,  where  the  information  about  the  origin  of  the 
traps  is  given  as  well.  This  information  is  based  on  the 
comparison  of  the  obtained  trap  parameters  with  those 
known  from  the  literature  on  radiation-induced  traps  in 
FZ-Si  crystals  [2,11].  The  dominant  traps  induced  by 
irradiation  were  found  to  be  the  interstitial  -substitu¬ 
tional  carbon  pair  (Cj-Cs)  and  the  vacancy-phosphorus 

2 Our  estimations,  which  are  based  on  the  comparison  of 
introduction  rates  of  V-O  and  V-P  complexes  in  the  crystals 
with  carefully  determined  phosphorus  concentration,  give  [O] 
values  lower  than  10l4cm  3  in  sonic  crystals. 


Fig.  1.  DLTS  spectra  of  FZ-Si  samples  with  initial  resistivity  of 
60Qcm  after  (1)  electron  irradiation  with  a  fluence  of 
3x  10l3cm  2  and  subsequent  annealing  at  (2)  200  C  and  (3) 
350  C  for  30  min.  Inset  shows  Laplace  DLTS  spectra  at  130  K 
for  Fz-Si  samples  conventional  DLTS  spectra  of  which  are 
shown  in  Fig.  1 . 


complex,  concentrations  of  divacancies  and  A  centers 
were  about  25%  and  less  than  5%,  respectively,  of  that 
of  the  P-V  centre.3 

In  photoluminescence  (PL)  spectra  of  irradiated 
samples  a  dominant  PL  line  at  969.5  meV  with  its 
characteristic  phonon-assisted  sideband  (“G"  line  [12]) 
was  observed.  This  line  is  knowm  to  be  related  to  the 
Cj — Cs  complex  [12]. 

Annealing  of  the  samples  in  the  temperature  range 
125-1 75 X  resulted  in  a  significant  decrease  in  the 
magnitude  of  the  DLTS  peak  at  229  K  (£: 29).  It  is 
believed  that  this  process  is  related  to  the  elimination  of 
E-centres  upon  annealing.  The  peak  with  maximum  at 
about  232  K  (£232)  remaining  after  annealing  at  200  C 
(spectrum  2  in  Fig.  1)  is  related  to  the  electron  emission 
from  the  singly  negatively  charged  state  of  divacancy. 
An  examination  of  the  spectra  shows  also  significant 
changes  in  the  magnitudes  of  peaks  writh  maxima  at 
about  92  K  and  134  K  (£92  and  £134,  respectively),  the 
former  being  decreased  and  the  later  being  increased 
upon  annealing.  Application  of  the  Laplace  DLTS 
technique  shows  that  the  increase  in  the  magnitude  of 
the  peak  in  the  range  of  120-1 50  K  is  related  to  the 
appearance  of  another  electron  trap  (£149)  with  emission 
rates  close  to  those  for  the  electron  emission  from  the 
doubly  negatively  charged  state  of  divacancy  (£134).  The 
insert  in  Fig.  1  shows  the  Laplace  DLTS  spectra 


3  We  used  a  method  of  variable  filling  pulse  lengths,  which 
was  proposed  in  Ref.  [II],  to  determine  concentrations  of  A- 
ccntrcs  and  Cj— C,  complexes. 
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Table  1 

Parameters  of  deep  level  traps,  which  were  observed  in  electron-irradiated  FZ-Si  crystals 


Trap  label 

Activation  energy  for  electron  emission  (eV) 

Capture  cross-section  (cm2) 

Identification 

Eg-) 

0.161 

2.4  x  10-15a 

Ci-Cs(-/0) 

£134 

0.240 

5.5  x  10~16  x  exp(— 0.017eV/kT) 

V2(=  /-) 

£140 

0.228 

1.8  x  10“ 16  x  exp(— 0.018eV/kT) 

Cs— cs(— /0) 

Erx) 

0.453 

3.5  x  10"15 

V  -  P(-/0) 

£232 

0.428 

2.2  x  10-15 

v2(-/0) 

a  Determined  from  the  data  on  emission  rates  (other  data  are  measured  directly). 


at  130K  for  the  samples,  conventional  DLTS  spectra 
of  which  are  shown  in  Fig.  1.  Just  after  irradiation  a 
peak  related  to  the  electron  emission  from  the  V2(2— ) 
state  dominates  in  the  spectrum,  while  after  annealing  at 
200°C  two  peaks  with  comparable  concentrations 
are  seen.  Further  annealing  at  350°C  resulted  in 
disappearance  of  the  V2(2  —  /— )-related  peak, 
leaving  only  a  peak  which  appears  after  annealing  at 
125-175°C. 

Activation  energies  for  electron  emission  from  the 
Em  and  £140  traps  are  given  in  Table  1.  Expressions 
describing  the  capture  cross  sections  are  also  given  in 
Table  1.  Our  results  on  the  emission  and  capture 
characteristics  for  the  £’134  are  consistent  with  those 
reported  in  literature  for  the  V2(2  —  /— )  level  [2].  On  the 
basis  of  combined  analysis  of  the  emission  and  capture 
processes  for  the  £140  trap,  a  conclusion  was  drawn  that 
the  trap  is  of  acceptor  nature  with  the  energy  level  at 
about  £c  -  0.21  eV. 

Let  us  consider  now  the  possible  origin  of  the  defects, 
which  can  be  formed  upon  E-centre  annealing  at 
125-175°C.  Fig.  2  shows  changes  in  trap  concentra¬ 
tions  upon  isothermal  annealing  at  175°C  of  an 
electron-irradiated  sample  with  initial  resistivity  of 
1 D  cm.  As  it  was  mentioned  above,  a  significant 
decrease  in  E-centre  concentration  is  accompanied  by 
a  decrease  in  concentration  of  Q—  Cs  complexes  and 
by  the  formation  of  a  defect  with  an  acceptor  level  at 
£c  -  0.21  eV  (£]40).  Practically  a  one-to-one  anti-cor¬ 
relation  in  concentration  of  annealed  Q-Cs  complexes 
and  created  £mo  complexes  was  observed.  This 
suggests  that  the  £i40  complex  is  formed  at  the  expense 
of  Q—  Cs  complexes.  PL  measurements  also  showed  a 
significant  decrease  in  intensity  of  the  G  line  upon 
annealing  at  125-1 7 5°C.  Similar  results  on  annealing  of 
the  G  line  were  obtained  earlier  for  FZ-Si  samples, 
which  were  irradiated  with  gamma-rays  from  a  60Co 
source  [13]. 

The  Cj—  Cs  complex  is  known  to  be  stable  up  to  about 
250°C  [12].  So,  two  possible  mechanisms  of  the  decrease 
in  its  concentration  in  the  temperature  range  125-175°C 
can  be  considered.  Firstly,  if  the  main  mechanism  of  the 
E-centre  elimination  at  about  150°C  is  its  migration  as 
an  entity  before  being  trapped,  the  capture  of  mobile  E- 


Annealing  time  at  175  °C,  min 

Fig.  2.  Changes  in  concentrations  of  defects  in  an  electron- 
irradiated  FZ-Si  sample  with  initial  resistivity  of  1 Q  cm  upon 
isothermal  annealing  at  175°C.  Fluence  of  irradiation  was 
1  x  10 15  cm-2. 


centres  by  the  Q— Cs  complexes  can  occur,  that 
can  result  in  the  formation  of  two-carbon-phosphorus 
complex.  No  information  about  existence  of  such 
a  complex  has  been  reported  so  far,  so  the  structure 
and  properties  of  2C-P  defect  are  uncertain.  Secondly, 
the  dissociation  of  the  E-centres  upon  heat-treatments  at 
125-175°C  can  lead  to  the  appearance  of  free 
mobile  vacancies.  The  vacancies,  upon  their  motion  in 
the  lattice,  can  interact  with  the  Q~CS  complexes 
transforming  them  into  a  pair  of  two  substitutional 
carbon  atoms  (Cs-Cs).  Cs-Cs  complex  was 
recently  identified  by  combined  EPR,  optical  absorption 
and  ab  initio  modelling  studies  in  electron-irradiated 
carbon-rich  Si  crystals  [14,15].  The  main  mechanism  of 
the  Cs-Cs  formation  was  supposed  to  be  the  capture 
of  mobile  vacancies  by  the  Q— Cs  complexes  [15]. 
According  to  the  results  of  Refs.  [14,15],  the  Cs-Cs 
complex  introduces  an  acceptor  level  into  the  upper  half 
of  the  gap,  and  there  should  be  an  energy  barrier  for  the 
electron  capture  into  the  neutral  Cs-Cs  complex. 
All  these  properties  of  the  Cs-Cs  complex  are 
consistent  with  those  found  in  the  present  work  for  the 
Ej  40  trap.  In  addition  the  high  thermal  stability  of 
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the  £,40  trap  is  consistent  with  that  found  for  the 
Q-Cs  [15].  So,  it  is  suggested  that  the  £M()  trap, 
which  was  observed  in  the  present  work  upon  E- 
centre  annealing  is  related  to  the  Cs-Cs  complex. 
An  important  consequence  of  such  an  identification  is 
that  the  disappearance  of  E-centres  upon  annealing 
at  about  150  C  should  be  associated  with  their 
dissociation. 

It  should  be  noted  that  the  magnitude  of  the  decrease 
in  the  Cj-Cs  concentration  was  only  about  a  half  of  that 
for  the  E-centre  practically  in  all  the  samples  we  have 
studied  (Fig.  2).  So,  there  should  be  another  trap  for 
mobile  P-V  or  free  vacancies,  and  this  trap  accounts  for 
almost  half  of  the  annihilated  E-centres.  Except  the  E140, 
we  have  not  observed  the  appearance  in  significant 
concentration  of  any  other  defects  with  deep  levels  in  the 
upper  part  of  the  gap  upon  E-centre  annealing.  Further 
studies  are  required  to  identify  the  second  channel  of  the 
E-centre  disappearance. 

Summarising,  we  found  that  the  disappearance  of  the 
vacancy-phosphorus  complexes  upon  annealing  of 
electron-irradiated  FZ-Si  crystals  at  125-175  C  is 
accompanied  by  a  significant  decrease  in  concentration 
of  the  Q-C  complexes,  and  by  formation  of  a  defect 
with  an  acceptor  level  at  £c  —  0.21eV.  It  is  suggested 
that  the  level  is  related  to  a  pair  substitutional  carbon 
atoms.  The  Cs-Cs  complex  is  formed  when  a  free 
vacancy  released  upon  E-centre  annealing  is  captured  by 
the  Cj-Cs  complex. 
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Abstract 

Oxygen-doped  Ge  has  been  irradiated  with  2  MeV  electrons  and  isochronally  annealed  between  80°C  and  440°C. 
Local  vibrational  mode  absorption  at  525.5,  780.9  and  817.9  cm"1  is  assigned  to  three  modes  of  the  oxygen  dimer.  The 
wave  number  positions  are  in  excellent  agreement  with  corresponding  modes  in  Si  and  with  published  ab  initio 
calculations.  The  enhanced  formation  of  dimers  and  thermal  donors  (TD),  due  to  irradiation  and  the  sequential 
annealing  of  dimer  and  early  TD  bands,  support  the  model  of  the  dimer  as  the  first  agglomeration  step  preceding  TD 
formation.  Two  absorption  bands  at  621.6  and  669.1  cm  1  are  assigned,  respectively,  to  the  neutral  and  negative  charge 
state  of  the  A-centre  (VO)  in  Ge.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Germanium;  Thermal  donor;  Irradiation;  Oxygen  dimer 


1.  Introduction 

The  oxygen  dimer  should  be  the  first  oxygen 
agglomeration  step  preceding  thermal  donor  (TD) 
formation  in  Si  and  may  represent  the  fast  diffusing 
species  explaining  the  kinetics  of  TD  formation.  The 
dimer  in  Si  is  experimentally  accessible  through  the  local 
vibrational  mode  (LVM)  absorption  spectrum  and  four 
modes  seem  to  be  well-established  [1,2].  Several  papers 
have  been  published  on  the  calculation  of  stable  dimer 
configurations  as  well  [2-4].  In  Ge,  where  oxygen  related 
defects  have  been  less  extensively  studied  than  in  Si, 
striking  similarities  with  Si  are  found  for  all  oxygen 
related  defects  identified  so  far  [5].  In  our  previous  study 
of  LVM  absorption  from  TDs  in  Ge  [6],  the  attention 
was  drawn  to  weak  absorption  bands  at  780  and 
818  cm"1  that  always  appear  in  oxygen-doped  Ge 
submitted  to  a  dispersion  quench,  together  with  small 
traces  of  TD1  and  TD2  as  detected  in  the  far-infrared 
electronic  absorption  spectrum.  This  is  indicative  of  the 
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formation  of  relatively  simple  oxygen  clusters  during 
rapid  cooling  from  high  temperature,  so  the  peaks 
mentioned  seemed  good  candidates  for  the  oxygen  dimer 
in  Ge.  This  assignment  seemed  substantiated  by  the 
almost  perfect  scaling  from  the  positions  of  dimer  bands 
in  Si  [6].  Ab  initio  calculations  by  Coutinho  et  al.  [2] 
predict  four  modes  for  the  staggered  dimer  in  Ge.  The 
latter  consists  of  two  Ge-O-Ge  units  sharing  one  Ge 
and  would  be  the  stable  dimer  form  [2]. 

Here,  we  report  on  the  LVM  absorption  in  oxygen- 
doped  Ge  after  irradiation  and  subsequent  isochronal 
annealing.  The  primary  purpose  of  the  treatments 
(irradiation,  isochronal  annealing)  was  to  increase  the 
assumed  LVM  absorption  from  the  dimers  and  to  follow 
the  evolution  into  the  temperature  range  of  early  TD 
formation.  An  increased  dimer  concentration  would  also 
favour  the  observation  of  other,  possibly  weaker  dimer 
bands. 


2.  Experimental 

Before  irradiation,  the  oxygen-doped  Ge  was  sub¬ 
mitted  to  a  5  min  dispersion  at  900°C  followed  by  a 
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quench  to  room  temperature  (RT).  The  interstitial 
oxygen  concentration  measured  after  the  quench  was 
[Oi] ~ 2.9  x  10l7cm  3  as  determined  from  the  amplitude 
of  the  856cm  1  band  (RT),  using  the  conversion  factor 
[Oj] =  *max5  x  10 16  cm  2  with  am;lx  the  amplitude  in  cm  1 
[7].  The  Ge  was  irradiated  with  2MeV  electrons  to  a 
fluence  of  5  x  101 '  cm"2,  the  temperature  during  irradia¬ 
tion  was  kept  close  to  RT.  Isochronal  anneals  of  20  min 
in  the  temperature  range  80-440  C  (increments  of  40 X) 
were  performed  in  the  flowing  argon.  The  infrared 
spectra  were  recorded  at  RT,  80  K  and  6K  using  a 
nominal  resolution  of  I  and  0.25  cm’"1.  The  electron 
concentration  was  monitored  by  resistivity  and  Hall- 
effect  measurements  at  RT. 


3.  Experimental  results  and  discussion 

The  infrared  absorption  spectra  measured  after 
different  treatments  (quenched,  irradiated  and  annealed) 
are  summarised  in  Fig.  1.  The  wave  number  range 
corresponds  to  the  LVM  range  below  the  Oj  peak  at 
862.3  cm  '.  The  results  are  in  general  agreement  with 
the  old  data  [8,9].  however,  the  improved  resolution  and 
sensitivity  allow  to  detect  components  or  weak  bands 
not  reported  before.  In  agreement  with  our  earlier 
experiments  [6],  two  small  peaks  at  780.3  and  817.9  cm  1 
are  seen  in  the  quenched  sample.  After  the  irradiation,  a 
large  number  of  LVM  peaks  appear,  the  Ch  peak  having 
diminished  to  89%  of  its  original  amplitude.  The 
evolution  of  the  spectrum  during  annealing  shows  that 
new  defects  are  formed  while  others  disappear.  A  Ge 
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Fig.  I.  Infrared  absorption  spectra  of  oxygen-doped  Ge  at  5K 
and  resolution  1.0cm  after  different  treatments.  The 
isochronal  annealing  temperature  in  C  is  indicated  with  the 
graphs.  The  spectra  are  vertically  shifted,  lattice  absorption  has 
been  subtracted. 


reference  sample  without  oxygen  doping  showed  no 
LVM  peaks  after  irradiation  or  subsequent  annealing. 
These  results  indicate  that  all  LVM  bands  observed 
should  be  oxygen  related  and  are  probably  due  to 
defects  containing  at  least  one  oxygen  atom.  In  the  later 
annealing  stages,  the  absorption  evolves  into  the  LVM 
bands  due  to  TDs  designated  before  as  “600”.  “740” 
and  “780",  which  refers  to  their  average  position  at  RT 
[6].  After  the  440  X  treatment,  the  amplitude  of  the  Oj 
peak  has  decreased  further  to  74%.  On  the  whole,  we 
observed  64  LVM  absorption  peaks  in  the  wave  number 
range  between  515  and  910cm  \  of  which  23  belong  to 
the  TDs  [6,10],  The  other  peaks  may  be  cataloged  in  at 
least  seven  different  groups  according  to  their  different 
annealing  behaviour.  In  this  paper,  the  discussion  is 
limited  to  absorption  bands  related  to  the  oxygen  dimer, 
the  TDs  and  the  VO  defect  (A-centre). 

3.1.  Oxygen  dimer 

As  shown  in  Figs.  1  and  2,  the  peaks  at  780.3  and 
817.9cm  that  we  tentatively  attribute  to  the  dimer, 
become  stronger  during  electron  irradiation,  grow 
further  during  annealing  towards  200  C  and  disappear 
after  the  320  C  treatment.  It  is  clear  from  Fig.  2  that  the 
annealing  of  the  two  peaks  is  identical.  In  Fig.  2,  other 
bands  have  been  included  that  show  a  similar  annealing 
curve  and  may  be  considered  candidates  for  other  dimer 
modes.  The  correspondence  with  the  two  major  bands  is 
the  best  for  the  bands  at  525.5  and  766  cm"1,  while  the 
572.9  and  801.2  cm  1  bands  show  a  somewhat  different 
curve  or  annealing  temperature.  We  thus  end  up  with 


0  40  80  120  160  200  240  280  320  350  400 

annealing  temp.  (eC) 

Fig.  2.  Isochronal  annealing  curves  of  LVM  bands  attributed 
to  VO  and  to  the  oxygen  dimer;  0C  corresponds  to  the  as- 
irradiated  material. 
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Table  1 

Comparison  of  experimental  positions  (cm"!)  of  LVM  bands 
due  to  oxygen  defects  in  Ge  and  Si  (low  temperature  values)a 
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Si 

Ge 

Factor 

O; 

1136.0 

862.5 

1.32 

1059.8  [10] 

817.9 

1.30 

(801.2) 

— 

1012.4  [10] 

780.3 

1.30 

02 

— 

766.0 

— 

Dimer 

(572.9) 

— 

690.1  [10] 

525.5 

1.31 

555.8  [10] 

— 

— 

VO° 

835.6  [12] 

621.6 

1.34 

VO- 

885.3  [12] 

669.1 

1.32 

a  Values  in  the  last  column  give  the  ratio  of  Si  to  Ge  positions. 
Positions  within  brackets  indicate  bands  for  which  assignment 
to  the  dimer  is  doubtful. 


four  preferential  candidates  for  the  dimer-related  LVM 
bands  in  Ge,  as  summarised  in  Table  1. 

More  evidence  to  assign  the  bands  may  be  obtained 
from  a  comparison  with  the  observed  dimer  peaks  in  Si. 
A  scaling  factor  of  about  1.32  for  oxygen  modes  in  Ge 
with  respect  to  Si  may  be  predicted  from  the  relative 
positions  of  the  v3  mode  of  Oj  in  the  two  semiconduc¬ 
tors.  As  shown  in  Table  1,  three  of  the  four  modes 
selected  have  a  counterpart  in  Si  with  a  scaling  factor 
very  close  to  1.32.  Scaling  of  the  lowest  dimer  mode  of  Si 
at  555.8cm-1  predicts  a  mode  around  420cm-1  in  Ge, 
however,  in  a  wave  number  range  where  clear  detection 
of  small  bands  is  difficult.  On  the  other  hand,  no 
counterpart  of  the  766.0  cm-1  mode  seems  to  exist  in  Si, 
throwing  doubt  on  its  correlation  with  the  oxygen 
dimer. 

Comparison  of  our  experimental  data  with  the 
calculated  values  for  the  staggered  dimer  in  Ge  in  Ref. 
[2]  results  in  an  excellent  agreement  for  the  upper  three 
dimer  modes.  The  experimental  modes  at  525.5,  780.3 
and  817.9cm-1  agree  within  only  2-4%  with  the 
calculated  modes  at  517,  749  and  784  cm-1.  It  may  also 
be  remarked  that  contrary  to  the  situation  in  Si,  the 
dimer  bands  in  Ge  display  a  normal  temperature  shift 
expected  for  LVMs. 

3.2.  Thermal  donors 

In  Fig.  3,  the  annealing  curve  for  the  dimer  is  plotted 
together  with  those  of  the  first  three  TDs.  In  order  to 
compare  integrated  absorption  also  (i.e.  concentration), 
results  have  been  plotted  for  LVMs  in  a  similar  wave 
number  range,  i.e.  the  525.5  cm-1  band  for  the  dimer 


Fig.  3.  Sequential  appearance  of  oxygen  dimer  and  thermal 
donor  bands  during  annealing.  The  TD  curves  plotted  represent 
the  total  absorption  of  a  TD  species  in  the  “600”  band,  e.g.  the 
sum  of  the  neutral  and  double  donor  state  absorption. 


and  the  LVM  lines  in  the  “600”  range  for  TD1,  TD2 
and  TD3.  The  figure  shows  that  the  dimer  appears  in  a 
sequence  preceding  the  early  TDs.  This  sequential 
appearance  also  seems  to  support  our  earlier  identifica¬ 
tion  of  TD2  with  a  complex  with  four  oxygens  [6],  which 
would  imply  that  TD1  fitting  between  the  dimer  and 
TD2  would  probably  contain  three  oxygens.  An  inter¬ 
esting  observation  is  that  in  the  irradiated  Ge,  LVM 
from  the  TDs  becomes  visible  in  the  “600”  range  already 
after  20  min  annealing  at  200-240°C.  Even  if  a  detailed 
comparison  with  the  350°C  isothermal  anneals  of  our 
previous  study  is  difficult  [6],  it  is  obvious  that  the 
irradiation  enhances  not  only  the  dimer  concentration 
but  also  the  TD  formation.  This  seems  logical  if  both 
kinds  of  defects  would  belong  to  the  same  agglomera¬ 
tion  sequence.  The  presence  of  simple  irradiation  defects 
probably  favours  the  oxygen  agglomeration  [10]. 

3.3.  VO  (A-centre) 

In  the  as-irradiated  Ge,  the  most  prominent 
peak  occurs  at  621.6  cm-1.  It  was  attributed  before  by 
Whan  [8]  to  the  A-centre.  A  second  prominent  peak 
annealing  out  at  the  same  temperature  of  160-200°C 
(Figs.  1  and  2)  and  that  was  not  reported  before,  is 
observed  at  669.1cm-1.  This  reminds  of  Si  where  the 
LVM  of  VO°  and  VO  may  be  observed  simultaneously 
depending  on  the  resistivity.  From  our  electrical  data  we 
calculate  that  the  Fermi  level  is  situated  around 
Eq— 0.25  eV  during  the  annealing  stages  at  which  the 
two  peaks  are  observed.  Comparing  this  with  the 
position  of  the  VO-acceptor  level  in  Ge  at  about 
£c-0.25eV  [11],  it  seems  reasonable  to  conclude  that 
in  our  case,  both  charge  states  are  also  simultaneously 
present.  Comparing  again  the  positions  of  the  corre¬ 
sponding  bands  in  Si  and  Ge,  we  find  once  more  a 
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scaling  factor  close  to  1.32  for  both  peaks  (Table  1).  We 
accordingly  assign  the  bands  at  621.6  and  669.1  cm  1  to 
the  anti-symmetric  stretching  LVM  of  the  VO(l  and  VO 
centre  in  Ge,  respectively. 

4.  Conclusion 

A  major  result  of  this  study  concerns  the  observation 
of  LVM  bands  at  525.5.  780.9  and  817.9cm  1  which  are 
assigned  to  the  oxygen  dimer  in  Ge.  The  positions  are  in 
excellent  agreement  with  observed  counterparts  in  Si 
and  with  ab  initio  calculations.  The  enhancement  of  the 
formation  of  both  the  dimer  and  the  early  TDs  as  a 
consequence  of  irradiation,  as  well  as  their  sequential 
appearance  during  isochronal  annealing,  strengthen  the 
model  of  the  dimer  being  a  precursor  of  the  TDs. 
Whether  this  also  implies  that  the  oxygen  dimer  in  Ge 
represents  a  faster  diffusion  species  than  oxygen  inter¬ 
stitials  is  less  obvious,  regarding  the  high  diffusion 
coefficient  of  the  latter  in  Ge  [5].  A  new  band  has  been 
observed  at  669.1  cm  1  with  similar  annealing  as  the 
band  at  621.6cm'  1  due  to  the  A-centre.  The  assignment 
of  the  bands  to  VO  and  VO°,  respectively,  is  in 
agreement  with  the  positions  of  similar  bands  in  Si  and 
with  electrical  data. 


Experiments  are  in  progress  using  lsO-doped  Ge  in 
order  to  confirm  the  above  assignments. 
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Abstract 

We  discuss  the  broadening  of  ground-state  to  bounded  excited-state  transitions  of  shallow  donors  in  strongly 
compensated  n-type  Ge :  (As,Ga)  in  the  presence  of  electric  fields  and  their  gradients,  arising  from  randomly  distributed 
ionized  impurities.  Quantitative  comparison  of  the  experimentally  obtained  linewidths  with  Monte  Carlo  simulation 
results  makes  possible,  a  unique  determination  of  the  ionized  impurity  distribution  in  the  samples.  We  present  clear 
evidence  for  the  random-to-correlated  transition  of  the  ionized  impurity  distribution  as  a  function  of  the  ionized 
impurity  concentration  and  of  temperature.  ©  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  Impurity  distribution;  Compensated  semiconductor;  Impurity  absorption 


Many-body  Coulombic  interactions  between  ran¬ 
domly  distributed  positive  and  negative  charges  play 
important  roles  in  a  wide  variety  of  physical  systems. 
Such  interactions  become  important  especially  when  the 
charges  are  mobile  and  redistribute  themselves  in  order 
to  minimize  the  total  Coulombic  energy  of  the  system. 
In  this  paper,  it  is  demonstrated  that  the  quantitative 
comparison  of  the  experimental  donor  ls-2p±  hydro- 
genic  absorption  linewidths  and  Monte  Carlo  simula¬ 
tions  lead  to  an  unambiguous  determination  of  the 
ionized  impurity  distribution  as  a  function  of  the  ionized 
impurity  concentration  (Ni)  and  the  temperature  ( T ). 

It  has  been  expected  theoretically  that  the  ionized 
impurity  distribution  is  correlated  when  the  available 
thermal  energy  is  sufficiently  smaller  than  the  correlation 
energy  [1,2].  Electrons  distribute  themselves  among 
donors  in  such  a  way  as  to  reduce  the  total  Coulombic 
energy,  i.e.,  an  energy  gap  known  as  “Coulomb  gap” 
appears  at  the  Fermi  level  in  the  density  of  the  states  of 
the  donor  band  [3].  The  correlated  distribution  is 
expected  to  dominate  for  the  condition  [1-3] 
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N\  =  2K 
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with  k  is  the  dielectric  constant,  K  is  the  compensation 
ratio.  The  correlated  distribution  of  the  ionized  impu¬ 
rities  has  been  confirmed  for  the  condition  given  by 
Eq.  (1)  in  p-type  Ge  in  our  previous  study  [4]. 

When  the  thermal  energy  becomes  larger  than  the 
correlation  energy,  electrons  will  be  randomly  distrib¬ 
uted  among  donors,  and  the  ionized  impurity  distribu¬ 
tion  is  completely  random.  The  random  distribution 
is  preferred  for  lower  N\  since  the  larger  distance 
between  ions  leads  to  weaker  correlation.  Larsen’s 
classic  theory  for  the  calculation  of  the  linewidth 
assuming  the  random  distribution  is  valid  for  the  range 
[5,6] 

M  ^0.7x10“  V~3,  (2) 


where  a  is  the  effective  Bohr  radius  of  donor  impurities 
in  units  of  cm. 

The  experimental  determination  of  the  transition 
temperature  allows  us  to  estimate  the  value  of  the 
correlation  energy.  The  correlation  energy  (or  equiva¬ 
lently  the  width  of  the  Coulomb  gap)  becomes  larger 
with  increasing  ionized  impurity  concentration  N\. 
While  there  have  been  many  experiments  to  confirm 
the  existence  of  the  Coulomb  gap,  there  has  been  very 
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little  direct  evidence  for  the  random  distribution  of 
ionized  impurities  at  low  temperatures  in  semiconduc¬ 
tors. 

For  our  studies,  we  cut  samples  from  a  CZ-grown.  n- 
type  Ge:(As,Ga)  single-crystal  ingot.  The  concentra¬ 
tions  of  As  and  Ga  vary  as  a  function  of  the  position 
along  the  ingot  growth  direction  due  to  impurity 
segregation  during  growth.  We  have  obtained  a  series 
of  samples  from  various  positions  of  the  ingot  and 
determined  the  concentrations  ND  and  NA  of  As  and 
Ga,  respectively,  using  variable-temperature  Hall  effect 
measurements.  The  infrared  absorption  spectra  were 
recorded  with  a  BOM  EM  DA-8  Fourier  transform 
spectrometer.  The  signal-to-noise  ratio  was  improved  by 
coadding  100-720  spectra.  A  composite  silicon  bol¬ 
ometer  operating  at  T  =  4.2  K  was  used  as  a  detector. 
The  samples  were  cooled  in  the  OXFORD  OPTISTAT 
cryostat  and  the  sample  temperature  was  monitored 
with  a  calibrated  thermometer  installed  at  the  sample 
mount.  A  0.1  pm  black  polyethylene  film  was  placed  in 
front  of  the  samples  to  eliminate  the  above  band-gap 
radiation. 

The  inset  of  Fig.  1  shows  the  absorption  spectrum  of  a 
sample  having  ND  =  3.03  x  10n cnT  \  NA  =  1.75x 
10,3cm“\  i.e.,  N,*2NA  =  3.50  x  lO'-’cm-3.  The  spec- 
trum  has  been  recorded  at  T  =  4K  with  a  resolution  of 


Fig.  1.  The  main  frame  shows  the  enlargement  of  the  Is  -2p.,. 
(100cm  ')  absorption  peak  determined  experimentally  (O), 
calculated  assuming  random  (□)  and  correlated  (A)  distribu¬ 
tions  of  ionized  impurities  using  the  Monte  Carlo  method.  The 
solid  curves  are  the  best  fits  to  the  experimental  and  calculated 
points  assuming  Lorentzian  distributions.  The  inset  shows  As- 
donor  absorption  peaks  recorded  at  T-  4K  with  a  sample 
having  Ar[  =  3.50  x  10I3cm  \  The  three  absorption  peaks 
correspond  to  the  As  donor  ls-2p0  (76cm  '),  Is  2p, 
(100cm  *).  and  ls-3p ...  (I06cm  ^transitions. 


0.026  cm  1  in  the  wavenumber  range  between  70  and 
1 10  cm  '.  Three  distinct  peaks  correspond  to  transitions 
of  bound  electrons  of  As  in  Ge  from  the  Is  ground  state 
to  2p0,  2p±,  and  3p„  excited  states,  respectively.  The 
main  frame  of  Fig.  1  shows,  from  bottom  to  top.  the 
enlargement  of  the  Is  to  2p±  transition  peaks;  the 
experimental  result  (open  circles),  a  Monte  Carlo 
simulation  assuming  a  random  distribution  of  ionized 
impurities  (open  squares),  and  a  Monte  Carlo  simula¬ 
tion  assuming  a  correlated  distribution  of  impurities 
(open  triangles).  The  solid  curves  are  Lorentzian  fits  to 
each  set  of  data. 

Fig.  2  shows  FWHM  vs.  N\  at  T-  4K.  The 
experimental  data  (filled  circles)  are  compared  with  the 
theoretical  linewidths  assuming  random  (dashed  line) 
and  correlated  (solid  line)  distributions  of  the  ionized 
impurities.  The  intrinsic  linewidth  due  to  phonon 
lifetime  broadening  [7]  for  Ge  has  been  found,  experi¬ 
mentally,  to  be  0.066  cm  1  [8],  which  is  negligibly  small 
compared  to  the  linewidths  shown.  Also 
A^d<1  x  10,;>cm  3  for  all  of  the  samples  employed, 
i.e.,  the  broadening  due  to  overlap  of  donor  wavefunc- 
tions  (concentration  broadening)  is  negligible  compared 
to  the  amount  of  electric-field  broadening  [9).  Therefore, 
it  is  appropriate  to  compare  the  experimentally  found 
FWHM  directly  with  the  calculated  widths  assuming 
only  an  effect  of  the  electric-field  broadening.  The 
comparison  between  the  experimental  results  and 
theoretical  estimates  leads  us  to  very  interesting  conclu¬ 
sions.  Excellent  agreement  between  the  experimentally 
determined  FWHM  and  the  random  theory  for 
yV)<7.5x  10!3cm  '3  is  clear  evidence  for  the  random 
distribution  of  ionized  impurities  in  this  low  N\  region. 
When  /V|  is  larger  than  7.5  x  10i3cm*  \  the  experimental 


Fig.  2.  Experimentally  determined  FWHM  (filled  circles)  vs.  Ar, 
at  T  =  4K.  The  dashed  line  is  the  prediction  based  on  a 
random  distribution  of  ions,  while  the  solid  line  is  the 
prediction  based  on  a  correlated  distribution  of  ionized 
impurities  at  zero  temperature. 
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data  lie  between  the  estimates  of  random  theory  and 
correlated  theory.  This  implies  that  the  ionized  impurity 
distribution  is  somewhere  between  “completely  ran¬ 
dom”  and  “completely  correlated”.  The  Monte  Carlo 
simulation  for  the  correlated  distribution  shown  in 
Fig.  2  has  been  performed  for  T  =  0  K.  However,  the 
measurement  was  performed  at  finite  temperature 
(T  —  4K)  at  which  a  certain  degree  of  randomization 
of  ionized  impurities  occurs  due  to  the  finite  thermal 
energy.  In  this  case,  we  expect  the  linewidth  to  have  a 
value  between  the  prediction  of  “completely  random” 
and  “completely  correlated”  distribution.  Fig.  3  shows 
the  comparison  of  the  linewidths  between  T  =  4  and 
10  K.  As  expected,  the  linewidths  at  4  and  10  K  for  the 
“completely  random”  region  (Ni<7.5  x  1013cm-3)  are 


Fig.  3.  Experimentally  determined  FWHM  vs.  N\  at  T  =  4(0) 
and  10  K  (A). 


the  same  while  that  of  10  K  is  broader  than  4K  due  to 
the  larger  degree  of  thermal  randomization  of  the 
ionized  impurity  distribution.  The  critical  ionized 
impurity  concentration  (N\c),  where  the  change  of  slope 
occurs  in  Fig.  3,  shifts  from  7.5  x  1013cm-3  at  T  =  4K, 
to  1.0  x  1014cm“3  at  T=10K.  Eq.  (2)  predicts 
N\q  =  1  x  1013cm"3  for  Ge  at  T  —  OK.  Considering 
the  fact  that  Nic  shifts  to  larger  values  for  T  >  0  K,  the 
experimentally  observed  N\c  =  7.5  x  1013  cm"3  at 
T  —  4  K  should  be  considered  to  be  in  excellent 
agreement  with  the  prediction  of  Eq.  (2).  Fig.  4  shows 
the  temperature  dependence  of  the  FWHM  (■)  for  a 
sample  having  N\  =  7.8  x  1013  cm-3,  which  is  just  above 
the  critical  concentration  N\c  =  7.5  x  1013  cm-3  for 
T  =  4  K.  We  are  interested  in  whether  we  observe  a 
random  to  correlated  transition  with  temperatures 
increasing  from  T  =  2  K.  Fig.  4  shows  clearly  that  the 
FWHM  increases  in  two  steps;  the  first  gradual  increase 
occurs  between  T  =  5  and  1 1  K  and  the  second  rapid 
increase  takes  place  above  T  —  14  K.  The  second 
increase  at  T>  14  K  is  due  to  thermal  ionization  of 
donors  as  it  matches  with  the  increment  of  N\  (solid 
curve).  The  first  gradual  increase  is  due  to  the  transition 
of  the  ionized  impurity  distribution  from  correlated  to 
random,  and  the  two  plateaus  in  FWHM  at  T  =  2-5  K 
and  11  —  13  K  represent  characteristic  FWHM  for  the 
two  distributions.  In  order  to  support  our  claim  that  we 
have  observed  the  transition,  we  shall  estimate  the 
critical  temperature  (Tc),  for  the  transition,  using  the 
theory  of  Efros  and  Shklovskii  and  compare  the  result 
directly  with  our  experimental  observation.  The  energy 
of  the  Coulomb  gap  A  for  three  dimensions  is 
approximately  [3]; 


10.5x10 15  „ 
o 
5. 

N 

« 

10.0x10”  ~ 

g. 

9.5x10 13  ^ 


9.0xl013  § 

Os 

o’ 

3 

8.5x10 13  f, 


4  6  8  10  12  14  16  18 

Temperature  [K] 

Fig.  4.  The  main  frame  shows  FWHM  vs.  temperature  for  a  sample  having  iVi  =  7.80xl013cm-3.  The  solid  curve  is  the  ionized 
impurity  concentration  calculated  with  Eqs.  (3)  and  (4).  The  inset  shows  the  FWHM  vs.  temperature  of  three  samples  having 
N\—4.32  x  1013  (A),  7.80  x  1013  (■),  and  2.26  x  1014cm“3  (T). 
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a  =  Salr/K*2,  (3) 

where  gu  is  the  density  of  states  at  the  Fermi  level  and 
can  be  estimated  with 

On  —  KN^xr^/e' .  (4) 

n>  =  (3/47tA^))1  is  the  distance  between  donors.  Using 
Eqs.  (3)  and  (4).  A  =0.31  meV  has  been  obtained  for  the 
sample  having  A7i  =  7.8  x  10I3cm 3  in  Fig.  4.  To  first 
order,  we  expect  Fc  to  be  of  the  same  order  as  A ,  i.e.. 
71.~3.6K  is  what  we  estimate,  based  on  theory.  The 
experimentally  found  gradual  increase  starts  around 
4K,  in  very  good  agreement  with  the  theoretically 
estimated  Tc  ^  3.6  K.  The  inset  in  Fig.  4  shows  the 
temperature  dependence  of  the  FWHM  for  samples  well 
below  A7k  and  well  above  NK-.  The  width  of  the  bottom 
curve  (N]  =4.3  x  101')  remains  unchanged  because  its 
width  is  determined  solely  by  the  random  distribution  all 
the  way  up  to  12  K.  Above  12  K.  the  ionization  of 
donors  takes  place  and  the  peak  disappears  very  quickly, 
i.e..  it  was  not  possible  to  determine  the  widths  in  this 
high  temperature  region.  The  FWHM  of  the  bottom 
curve  (Ar[  =  4.3  x  101 ')  for  the  temperature  range 
2-12  K  agrees  very  well  with  the  theoretical  prediction 
of  the  random  theory  (the  dashed  line  in  Fig.  2).  The 
FWHM  of  the  top  curve  in  the  inset  {N\  =  2.26  x  I014) 
for  the  temperature  range  shown  is  determined  dom¬ 
inantly  by  the  correlated  distribution  because  the  donor 
concentration  is  high  enough  for  the  neighboring  ionized 
impurities  to  interact  with  one  another.  The  FWHM 
increases  with  the  increasing  temperature  because  the 
partial  randomization  of  the  correlated  distribution 
proceeds  as  was  shown  in  Fig.  3. 

Observation  of  the  random-to-correlated  transition  of 
ionized  impurity  distributions  as  a  function  of  tempera¬ 


ture  has  been  claimed  before  by  Baranovskii  et  al.  for 
GaAs  [10-13].  However,  analysis  of  their  data  shows 
that  they  observe  an  increase  of  FWHM  due  to 
ionization  of  donors  and  not  due  to  the  transition.  As 
one  can  see  in  the  inset  of  Fig.  4,  it  takes  extreme  fine- 
tuning  of  A/[)  and  N,\  in  order  to  observe  a  clear 
signature  of  the  transition  with  two  distinct  plateaus 
below  the  temperatures  where  ionization  takes  place. 
The  precise  control  of  both  donors  and  acceptors  at  the 
level  of  10I3cm  3  has  been  the  key  for  the  successful 
observation  of  the  random-to-correlated  transition  of 
the  ionized  impurity  distribution  in  semiconductors. 
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Abstract 

Results  are  presented  of  implantation  and  diffusion  study  of  boron  (B)  in  germanium  (Ge).  B  implantation  was 
carried  out  in  Ge  with  different  energies  and  to  different  doses.  High-resolution  secondary  ion  mass  spectroscopy  was 
used  to  obtain  concentration  profiles  after  furnace  annealing.  The  as-implanted  profiles  show  a  long  tail  possibly  due  to 
enhanced  diffusion.  A  limited  diffusion  has  been  observed  after  furnace  annealing.  Using  T-SUPREM,  diffusivity  value 
of  1.5(±0.3)  x  10_,6cm2/s  at  850°C  has  been  extracted.  This  value  is  two  orders  of  magnitude  lower  than  previously 
reported  values.  The  results  question  the  change  in  diffusion  mechanism  of  B  diffusion  in  Si-Ge  alloys  from  low  Ge 
levels  to  high  Ge  levels.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Germanium;  Boron;  Ion  implantation;  Diffusion 


1.  Introduction 

Potential  application  of  silicon  germanium  (Si-Ge) 
alloys  in  HBTs,  HFETs,  and  optoelectronic  devices  has 
motivated  dopant  diffusion  studies  in  these  alloys.  The 
dominance  of  interstitials  in  diffusion  of  B  in  Si  is  well 
established  from  various  studies  [1]  while  recent  defect 
injection  studies  confirm  the  same  interstitially  mediated 
diffusion  in  Si-Ge  alloys  up  to  20%  Ge  [2].  Compared  to 
Si,  very  little  experimental  work  has  been  carried  out  in 
pure  Ge  or  Si-Ge  at  high  Ge  levels.  There  are  only  two 
reports  [3,4]  of  B  diffusion  in  Ge  which  themselves 
disagree  in  diffusivity  value  by  two  orders  of  magnitude. 
Motivated  by  lack  of  knowledge  of  B  diffusion  in  Ge 
and  availability  of  better  characterization  techniques, 
along  with  ion  implantation  as  method  of  introducing 
known  amount  of  B,  diffusion  behaviour  of  B  in  Ge  is 
studied.  Furnace  annealing  is  carried  out  and  diffusivity 
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values  have  been  calculated  by  fitting  the  experimentally 
obtained  profiles. 

2.  Experimental  procedure 

Germanium  single  crystals,  polished  either  on  one  or 
both  sides  with  diameters  2"  and  4"  and  a  thickness  of 
300  pm  were  supplied  by  Eagle-Picher  technologies, 
USA.  The  wafers  were  <111)  and  <100)  oriented,  n 
doped  (<0.4ficm)  or  undoped  (>30Dcm).  Dislocation 
density  of  all  wafers  was  less  than  5000/cm2.  Wafers 
were  cleaned  with  fuming  nitric  acid  followed  by  rinsing 
in  de-ionized  (DI)  water.  nB  ions  were  implanted  into 
the  polished  side  of  the  wafers  with  5  and  20keV  to 
different  doses  ranging  from  5x  1013  to  6  x  1014ions/ 
cm2.  The  ion  beam  was  misoriented  by  8°  to  the  normal 
of  the  wafers.  A  silicon  dioxide  (Si02)  layer  was 
deposited  on  the  implanted  side  of  the  wafers.  This 
layer  had  two-fold  function  of  protecting  the  vulnerable 
Ge  surface  during  high  temperature  annealing  and 
avoiding  any  out-diffusion  of  B  atoms.  The  Si02  layer 
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was  deposited  by  plasma  enhanced  chemical  vapor 
deposition  method  at  a  temperature  of  ~200  C  and 
had  a  thickness  of  approximately  2000  A.  The  samples 
were  cleaned  ultrasonically  in  DI  water  and  methanol 
before  annealing.  Furnace  annealing  was  carried  out  for 
temperature  range  675-850  C  (±3  C)  for  different 
times.  A  reducing  atmosphere  of  forming  gas  [a  mixture 
of  H:  (5%)  and  N:]  flowing  at  a  rate  of  1  L/min  was 
ambient  for  diffusion  experiments.  The  SiCF  layer  was 
etched  away  using  a  standard  HF  etch  after  annealing. 
For  determining  the  depth  profiles  an  Atomika  4500 
secondary  ions  mass  spectroscopy  instrument  was  used. 
A  primary  beam  of  oxygen  (O^  )  ions  was  used  with 
500  eV  energy  and  at  an  angle  of  25  to  the  normal  of  the 
wafer  surface.  An  error  of  10%  can  be  associated  with 
depth  and  concentration  quantification  from  the  raw 
SIMS  data.  A  surface  degradation  was  observed  on 
annealing  at  higher  temperatures  and  for  longer  times 
which  made  depth  profiling  using  SIMS  very  difficult. 

3.  Results  and  discussions 

Preliminary  experiments  were  performed  with  im¬ 
plantation  dose  up  to  5  x  1014  ions/cm2.  The  annealing 
carried  out  in  forming  gas  ambient  for  temperatures  up 
to  800'C  for  24  h  did  not  show  any  noticeable  B 
movement  from  the  as-implanted  profile.  Subsequently 
the  temperature  was  raised  to  850~C.  A  limited  move¬ 
ment  towards  the  end  of  the  profiles  was  observed  after 
annealing  for  24  h.  The  profiles  so  obtained  were 
analyzed  quantitatively  for  diffusivity. 

The  measured  boron  profiles  for  implantation  with 
two  different  energies  of  5  and  20keV  in  <1  1  1)  Gc  are 
presented  in  Fig.  1.  The  implantation  dose  used  in  each 
case  is  indicated  in  the  figure.  It  also  shows  the  profiles 
obtained  from  theoretical  projected  range  and  standard 
deviation  values  given  by  Gibbons  et  al.  [5]  using  LSS 
calculations.  Note  that  the  values  for  5  keV  implant  have 
been  obtained  by  extrapolation.  Similar  implantation 
tails  were  observed  for  5  and  20keV  implants  in<  1  1  1), 
and  20keV  implant  in  <10  0)  direction.  Comparing  the 
peak  concentration  positions  and  theoretical  values,  we 
observe  rough  agreement  in  projected  range  although  an 
implantation  tail  could  be  seen  in  all  the  as-implanted 
profiles.  The  implanted  profiles  were  fitted  using  T- 
SUPREM  assuming  a  dual-Pearson  distribution.  The 
parameters  for  fitting  the  as-implanted  profiles  were 
estimated  from  the  experimentally  obtained  depth 
profiles.  With  80%  dose  allocated  to  amorphous  profile 
and  20%  to  channeling,  the  as-implanted  profiles  could 
be  fitted  very  well.  Similar  tails  have  been  observed  for 
implanted  B  in  Si  where  predominant  contribution  to 
the  tail  is  from  channeling.  However,  other  implantation 
studies  [6.7]  have  emphasized  radiation-enhanced  diffu¬ 
sion  as  dominant  during  B  implantation  in  Ge  at  low 


energies.  The  contribution  of  channeling,  as  obtained 
from  fitting  the  implanted  B  profiles,  is  only  20%  and 
thus  it  appears  that  enhanced  diffusion  is  mainly 
responsible  for  the  tails  observed  in  our  case  as  well. 

The  limited  B  diffusion  was  also  analysed  using 
T-SUPREM,  which,  as  discussed  above,  could  achieve 
a  fit  to  the  as-implanted  profiles.  These  fitted  profiles 
were  taken  as  initial  conditions  for  the  diffusion 
calculations.  The  diffused  distributions  so  obtained  were 
compared  to  diffused  SIMS  profiles  (850'C,  24  h)  for  the 
best  fits  to  obtain  values  for  solid  solubility  and  diffusion 
coefficient,  which  were  taken  as  parameters.  For  n  type 
<111)  Ge,  4.5  x  10IK/cm3  and  1.8  x  10  K’cnr/s  values 
were  obtained  for  solid  solubility  and  diffusion  coeffi¬ 
cient.  respectively.  The  values  used  for  best  fit  of  diffused 
profile  for  n  type  <10  0)  were  6.5  x  10,s/cm3  and 
1.3x10  l6cnr/s  for  solid  solubility  and  diffusion 
coefficient,  respectively.  The  experimental  as-implanted 
and  diffused  profiles  along  with  the  fitted  profiles  are 
shown  in  Fig.  2.  The  solid  solubility  values  agree  with 
the  values  reported  in  literature  [8].  The  diffusivity 
calculation  for  <1  1  1)  and  <10  0)  are  also  consistent. 
However,  these  diffusivity  values  are  at  least  two  orders 
of  magnitude  smaller  than  the  minimum  values  reported 
in  literature  [9,10].  Hot  probe  measurements  were  also 
performed  on  samples  as  implanted  and  after  heat 
treatment.  Samples  implanted  with  low  dose  were 
noticed  to  have  a  p-n  junction  formation  in  as- 
implanted  state.  However  complete  electrical  activity 
for  all  doses  studied  could  be  observed  only  after  the 
heat  treatment. 


Fig.  1.  Concentration  profiles  of  as  implanted  B  in  <1  1  1)  Ge 
for  different  energies.  Also  shown  are  the  profiles  obtained 
using  LSS  calculations  for  the  two  energies.  The  projected  range 
and  projected  standard  deviations  for  5keV  implant  were 
extrapolated  from  the  data  Gibbons  et  al.  [5]. 
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Fig.  2.  SIMS  B  depth  profiles  of  as  implanted  (6  x  I014/cm2, 
20  keV)  and  annealed  (850°C,  24  h)  sample.  Using  T-SUPREM, 
the  best  fit  to  diffused  profile  gave  a  diffusivity  value  of 
1.3  x  10~16cm2/s  for  n  <1  00)  Ge. 

Various  possibilities  for  the  large  discrepancy  between 
the  diffusivity  values  of  this  work  and  previous  studies 
have  been  highlighted  in  a  previous  report  [10].  It  is 
important  to  note  that  the  previous  studies  [3,4]  were 
carried  out  by  p-n  junction  and  profiling  by  sheet 
resistance,  rather  than  the  SIMS  profiling  of  total  B  in 
the  present  work.  The  possible  cause  for  an  immobile 
peak  is  precipitation  of  excess  B  since  the  solid  solubility 
limit  of  B  is  crossed.  The  slower  diffusion  could  be  due 
to  pairing/trapping  of  B  with  the  implantation-induced 
defects  (e.g.  self-interstitial)  however,  Fang  et  al.  [11] 
have  shown  that  Arsenic  implantation  enhanced  B 
diffusion  in  Si-Ge.  The  Si02  layer  is  believed  to 
introduce  point  defects  in  Si  which  affects  dopant 
diffusion.  The  presence  of  a  Si02  layer  on  Ge  surface 
might  as  well  influence  the  dopant  diffusion  by  injecting 
defects.  Further  studies  are  being  carried  out  to  resolve 
these  issues. 

B  diffusivity  as  a  function  of  Ge  content  for  strained 
and  relaxed  Si-Ge  obtained  by  various  workers  [11-15] 
is  presented  in  Fig.  3.  The  diffusivity  for  strained  as  well 
as  relaxed  Si-Ge  decreases  rapidly  with  Ge  content  up  to 
about  40%  Ge.  No  consensus  on  the  cause  for  this 
decrease  in  diffusivity  has  been  reached;  For  Arsenic 
implantation  in  Si-Ge,  a  decrease  in  implantation- 
induced  enhancement  of  B  diffusivity  with  increase  in 
the  Ge  concentration  has  been  reported  [11].  Based  on  a 
simple  implantation-enhancement  model,  increase  in  the 
concentration  of  interstitials  in  thermal  equilibrium  with 
increase  in  Ge  percentage  has  been  hypothesized.  Recent 
defect  injection  studies  [2]  have  already  shown  that  the 
mechanism  responsible  for  B  diffusion  in  Si-Ge  alloys  is 
interstitially  mediated.  Fang  et  al.  [11]  have  concluded 


Fig.  3.  Boron  diffusivity  as  a  function  of  Ge  composition  in  Si- 
Ge  alloys.  Values  for  relaxed  Si-Ge  are  for  800°C,  other  values 
being  at  850°C.  Our  diffusivity  value  corrects  the  previous 
values  by  two  orders  of  magnitude  in  pure  Ge. 


that  decrease  in  the  mobile  B  diffusivity,  and  not 
decrease  in  interstitial  concentration,  causes  much  of 
the  decrease  in  B  diffusivity  in  Si-Ge  alloys  with  Ge 
content.  This  model  also  implies  that  it  is  unlikely  that  at 
high  Ge  levels  diffusion  of  B  will  be  dominated  by 
vacancies  as  previously  assumed  for  most  Group  III 
elements  in  Ge.  Our  present  measurements  suggest,  in 
fact,  that  at  Ge  levels  above  50%,  there  is  at  most  a  very 
small  increase  in  diffusivity  with  Ge  content  (see  Fig.  3), 
and  imply  no  sharp  change  as  assumed  previously. 
Experiments  are  being  carried  out  to  answer  these 
questions  by  better  understanding  of  B  diffusion  process 
in  pure  Ge. 


4.  Summary 

Boron  implantation  in  Ge  has  resulted  in  profiles 
which  differ  from  LSS  calculation  in  terms  of  an 
implanted  tail.  The  observed  tails  could  be  a  result  of 
radiation-enhanced  diffusion.  A  slow  diffusion  for 
implanted  B  is  observed.  The  diffusivity  value  has  been 
calculated  to  be  1.5(±0.3)  x  10‘16cm2/s  at  850°C  from 
the  fitting  of  the  diffused  profiles  which  correct  the 
previous  values  reported  by  at  least  2  orders  of 
magnitude.  The  cause  for  this  slow  diffusion  is  not 
directly  apparent.  Nevertheless,  this  new  measurement 
suggests  that  there  is  little  increase  in  B  diffusivity  from 
50%  to  100%  Ge  and  calls  into  question  the  previously 
accepted  view  that  the  interstitially  dominated  diffusion 
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at  low  Ge  level  changes  to  a  vacancy  dominated 
mechanism  at  high  Ge  level. 
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Abstract 

Several  experimental  methods  based  on  radioactive  probes  have  been  used  and  combined  to  study  vacancies  and  self¬ 
interstitials  in  Ge.  Central  to  the  studies  is  the  perturbed  angular  correlation  spectroscopy.  Defects  are  created  and 
detected  by  electron  irradiation  with  subsequent  trapping  at 1 1  'in  probe  atoms  and  the  neutrino-recoil  technique.  From 
combination  of  both  types  of  techniques  defect  identification  is  achieved  and  numerous  microscopic  defect  parameters 
of  the  isolated  defects  and  defect-impurity  pairs  are  extracted.  Additional  information  on  electrical  levels  is  obtained  by 
applying  deep  level  transient  spectroscopy  (DLTS)  to  samples  containing  radioactive  1 1  'in  probes  (radiotracer-DLTS). 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Though  point  defects  in  Ge  have  attracted  intensive 
research  for  a  long  time  and  numerous  results  have  been 
obtained,  mostly  by  electrical  and  capacitance  techni¬ 
ques  [1,2],  no  microscopic  identification  of  either 
vacancy  or  self-interstitial  has  yet  been  accomplished. 
Thus,  a  definite  assignment  of  the  collected  data  to  the 
respective  defects  is  still  missing  and  interpretation  of 
the  results  has  remained  largely  speculative.  It  is  clear, 
however,  that  a  better  knowledge  would  be  of  consider¬ 
able  interest  not  only  for  Ge  itself  but  also  with 
respect  to  Si  for  which  a  large  amount  of  definite  data 
exist  [3]. 

Recently,  another  approach  to  identify  and  study  the 
intrinsic  defects  in  Ge  has  been  presented.  Several 
experimental  techniques  based  on  the  radioactive  probe 
nuclei  have  been  employed.  Primarily,  the  perturbed 
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angular  correlation  (PAC)  technique  has  been  used 
which  is  based  on  the  fact  that  defects  in  the  immediate 
vicinity  of  a  radioactive  probe  atom  ("'in)  can  be 
studied  via  the  induced  hyperfine  interaction.  In  this 
way,  structural  and  electronic  defect  properties  can  be 
obtained.  Vacancies  and  self-interstitials  were  produced 
either  by  electron  irradiation  or  by  using  the  PAC  probe 
itself  as  primary  knock-on  atom  (PKA)  effected  by  the 
emission  of  a  neutrino  in  a  preceeding  nuclear  transmu¬ 
tation.  From  the  combination  of  both  types  of  experi¬ 
ments,  identification  of  both  the  vacancy  and  the  self¬ 
interstitial  is  achieved  and  numerous  defect  properties 
are  obtained.  A  further  experimental  technique  used  is 
DLTS  applied  to  Ge  samples  doped  with  radioactive 
"'in  probes. 

In  this  contribution,  we  will  first  shortly  present  the 
experimental  techniques.  In  the  following,  we  list  and 
discuss  the  properties  of  the  vacancy  and  self-interstitial 
and  how  these  properties  were  extracted  from  the 
various  experiments.  Finally,  we  touch  recent  results 
obtained  by  other  experimental  techniques  and  mention 
work  in  progress  which  calculates  the  geometrical 
structure  and  electronic  properties  of  the  relevant 
defect-probe  pairs. 
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2.  Experimental  techniques 

2.1.  Perturbed  angular  correlation  spectroscopy  (PAC) 

The  PAC  method  is  based  on  the  measurement  of  the 
nuclear  quadrupole  interaction  of  a  radioactive  probe 
nucleus  with  the  charge  distribution  in  its  immediate 
environment.  The  charge  distribution  yields  information 
on  the  probe’s  lattice  site  and  defects,  which  might  be 
situated  around  it  in  the  form  of  an  electric  field  gradient 
(EFG)  tensor.  The  tensor  parameters  measured  are  the 
strength  (frequency)  the  asymmetry  parameter  g  and 
the  crystallographic  orientation  which  yields  micro¬ 
scopic  information  on  the  probe-defect  structure.  In 
addition,  the  fraction  of  probes  with  a  certain  defect 
configuration  can  be  determined.  The  probe  nucleus 
used  throughout  the  experiments  is  mIn  decaying  to 

Cd  on  which  the  hyperfine  parameters  are  measured. 
A  recent  review  of  the  PAC  technique  can  be  found  in 
Ref.  [4]. 

2.2.  Defect  production  by  electron  irradiation 

Vacancies  and  self-interstitials  were  produced  in  two 
different  ways:  either  by  irradiation  with  1.2MeV 
electrons  or  by  the  neutrino  recoil  technique.  In  the 
first  case,  irradiations  of  the  samples  were  performed  at 
cryogenic  temperatures  (in  some  cases  at  room  tempera¬ 
ture)  to  fluences  of  typically  5  x  I0Ifie/cm“2.  Following 
the  irradiations,  isochronal  anneals  were  performed 
monitored  by  PAC  to  search  for  trapping  at  the  11 'in 
probes. 

2.3.  Defect  production  by  neutrino  recoil 

The  direct  neighbourhood  between  probe  atom  and 
defect  is  essential  for  PAC.  A  full  exploitation  of  this 
fact  is  made  by  a  defect  production  technique  which  is 
centered  on  the  probe  atom  [5].  This  is  accomplished  by 
using  a  probe  atom  which  also  serves  as  PKA.  Fig.  1 
shows  the  principle:  instead  of  using  mIn  as  parent 
activity,  the  precursor  mSn  is  used.  In  the  electron 
capture  decay  to  11  'in  a  high  energy  neutrino  is  emitted 
which  leads  to  a  monoenergetic  recoil  of  29  eV  on  the 
11 'in  probe.  This  is  an  energy  close  to  or  above  the 
threshold  f  \  for  single  Frenkel  pair  formation  in  most 
materials  in  immediate  vicinity  of  the  111  In  probe.  For 
Ge  7d  is  known  to  be  about  20  eV. 

2.4.  Deep  level  transient  spectroscopy  (DLTS)  on 
radioactive  probes 

A  current  weakness  of  DLTS  is  the  fact  that  it  does 
not  contain  information  on  the  chemical  nature  and 
microscopic  structure  of  an  observed  defect.  This 
deficiency  makes  it  difficult  to  correlate  DLTS  with 


Fig.  1.  Partial  decay  scheme  illustrating  the  neutrino  recoil 
effect.  The  neutrino  emitted  in  the  decay  of  mSn  carries  an 
energy  of  2.5  McV  leading  to  29 eV  recoil  on  the  PAC  probe 
1,1  In. 


structure  sensitive  methods.  In  recent  developments,  it 
was  shown  that  information  on  the  chemical  nature  can 
be  added  by  applying  DLTS  to  radioactive  atoms  [6].  In 
the  present  case,  we  have  used  samples  like  those 
prepared  for  PAC  with  radioactive  " 'in  probes 
subjected  to  electron  irradiation  and  isochronal  anneals. 
DLTS  spectra  were  measured  on  these  samples  during  a 
period  of  several  days  covering  the  decay  of  "'in 
(7j/2  —  2.8  d).  One  expects  that  the  concentration  of 
deep  levels  related  to  '"in  should  decrease  and  those 
related  to  "'Cd  increase  as  function  of  time. 


2.5.  Probe  production  and  recoil  implantation 

All  methods  described  above  are  based  on  the 
incorporation  of  radioactive  probe  atoms  in  Ge  [5]. 
This  is  done  by  a  recoil  implantation  technique:  A  heavy 
ion  beam  of  high  energy  (50-100 MeV)  produces  "'in 
(or  1  MSn)  atoms.  In  this  process,  the  radioactive  ions 
receive  recoil  energies  between  1  and  10  MeV  and 
become  well  separated  from  the  primary  heavy  ion 
beam.  The  high  recoil  energies  lead  to  implantation 
depths  of  typically  1-5  pm  and  low  probe  concentra¬ 
tions:  typically  between  1013  and  10l4cm  \  Following 
implantation,  the  Ge  samples  are  annealed  at  slightly 
above  600  C  to  remove  the  implantation  damage  and 
relax  the  probes  to  substitutional  sites.  This  process  is 
well  monitored  and  leads  to  completely  unperturbed 
probe  incorporation. 


R.  Sielemann  et  al.  j  Physica  B  308-310  ( 2001)  529-534 


531 


3.  Experimental  results  and  discussion 

3.1.  Identification  of  vacancy  and  self-interstitial 

Combining  the  results  of  the  neutrino  recoil  experi¬ 
ments  with  those  from  the  trapping  experiments, 
identification  of  vacancy  and  self-interstitial  is  possible. 
In  the  recoil  experiment,  mSn  was  implanted  in  p-  and 
n-type  samples  with  subsequent  annealing  of  the 
implantation  damage.  Following  this  procedure,  the 
probe  is  cooled  to  4.2  K  so  that  the  decay  of  11  ]Sn  to 
1 11  In  takes  place  at  this  temperature.  The  result  is  shown 
in  Fig.  2.  1 1  %  of  the  probes  display  an  interaction 
frequency  vq\  =  54  MHz  with  axial  symmetry  (rj  =  0), 
showing  that  a  defect  is  present  at  the  probe.  From 
additional  experiments,  the  orientation  of  the  probe- 
defect  complex  can  be  inferred  to  be  in  a  <111) 
direction.  This  defect  production  is  restricted  to  p-Ge,  in 
n-type  and  intrinsic  material  no  defect  production 
occurs.  Isochronal  anneals  show  that  the  defect  is  stable 
to  205  K  [7]  and  then  disappears.  Since  the  threshold  for 
Frenkel  pair  formation  is  known  to  be  around  20  eV, 
only  one  Frenkel  pair,  one  vacancy  and  one  interstitial 
can  be  produced.  The  probe  atom  as  the  PKA  can  either 
knock  a  neighbouring  atom  out  of  its  site  and  take  its 
position,  leaving  a  vacancy  behind  (adjacent  to  the 
probe),  or  it  may  itself  end  up  in  an  interstitial  position. 
So  the  defect  (54  MHz)  connected  with  vq\  must  be  the 
association  of  the  probe  with  a  vacancy  or  represents  the 
probe  on  some  type  of  interstitial  site.  Theory  has  until 
recently  not  been  able  to  calculate  the  EFGs  pertaining 
to  specific  defect  situations  with  sufficient  accuracy, 
this  situation,  however,  is  presently  changing  [8,9]. 
Remedy  of  this  ambiguity,  however,  can  be  obtained 
by  combining  the  results  from  neutrino  recoil  with 
those  from  the  trapping  experiments  described  in  the 
following. 


Fig.  2.  PAC  spectrum  of  mIn/mCd  measured  at  4.2  K  after 
neutrino  recoil  in  p-Ge.  The  spectrum  shows  a  defect  with 
vgi  =  54  MHz. 


time[ns]  Frequency  [MHz] 

Fig.  3.  PAC  spectrum  of  mIn/mCd  and  Fourier  transform 
after  electron  irradiation  in  p-Ge  measured  at  293  K.  The 
spectrum  shows  both  vq\  and  vq2. 


In  these  experiments,  the  mIn-implanted  and  subse¬ 
quently  annealed  samples  were  electron  irradiated 
(mostly  at  77  K).  Isochronal  annealing  was  executed 
and  monitored  by  PAC  in  a  range  up  to  several  hundred 
K.  These  experiments  were  performed  with  p-(Ga),  n- 
(Sb)  type,  and  also  with  high  purity  material.  Depending 
on  doping  either  one  or  two  defects  are  trapped  at  the 
probes  [10]:  the  already  known  defect  from  neutrino 
recoil  (54  MHz)  and  a  second  one  with  vq2  =  420  MHz 
(rj  =  0  and  orientation  <1  1  1 )),  Fig.  3.  Since 
vqx  =  54  MHz  occurs  in  both  the  recoil  and  the  trapping 
experiment,  the  probe  has  to  occupy  a  position 
compatible  with  both  types  of  defect  formation.  This 
leaves  only  the  substitutional  site  for  the  probe  atom  and 
identifies  vq\  with  a  monovacancy  nearest  neighbour  to 
the  probe.  For  vq2,  such  an  identification  is  not  possible 
since  this  defect  is  not  produced  by  neutrino  recoil. 
From  extended  series  of  experiments  [10],  it  could  be 
excluded  that  unintentional  impurity  trapping  is  ob¬ 
served.  Thus,  by  exclusion  of  that  possibility  one  can 
associate  vq2  with  a  self-interstitial  trapped  at  the  probe 
in  <111)  direction.  Additional  corroboration  of  this 
identification  will  be  discussed  below. 

3.2.  Electrical  properties  of  vacancy  and  self-interstitial 

Given  the  above  identification  of  vacancy  and  self¬ 
interstitial  microscopic  defect  parameters  can  be  ex¬ 
tracted  from  the  data  [10].  The  defects’  trapping 
behaviour  was  studied  as  function  of  the  carrier 
concentration  (Fermi  level)  in  n-  and  p-type  material, 
see  Fig.  4.  The  vacancy  is  observed  only  in  p-Ge,  the 
self-interstitial  in  p-and  n-Ge  but  not  in  highly  doped 
material.  The  entire  trapping  behaviour  can  be  consis¬ 
tently  explained  when  Fermi  level-dependent  charge 
states  are  assigned  to  the  defects,  keeping  in  mind  that 
the  shallow  acceptor  111  In  is  always  negative  (or  partly 
neutral  in  heavily  p-doped  material).  Trapping  of  the 
vacancy  in  the  form  shown  in  Fig.  4  becomes  under¬ 
standable  if  an  acceptor  state  for  V  at  E  =  Ey  +  0.20  eV 
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Fig.  4.  Fractions  of  ,nIn  atoms  forming  complexes  with 
vacancies  (squares)  and  self-interstitials  (circles)  observed 
versus  carrier  concentration  in  n-  and  p-type  Ge  after  electron 
irradiation  at  77  K  and  subsequent  warm-up  to  room  tempera¬ 
ture. 
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Fig.  5.  Electrical  levels  of  vacancy  and  self-interstitial  in  Gc  as 
deduced  from  PAC.  For  the  self-interstitial  two  options  arc 
possible:  The  acceptor  represents  the  more  likely  case,  sec  text. 


exists,  see  Fig.  5.  This  leads  to  trapping  at  1,1  In  when  V 
is  neutral  whereas  in  the  negative  state  no  trapping 
occurs  due  to  Coulomb  repulsion.  Obviously,  the 
trapping  must  be  caused  by  elastic  interaction  between 
V  and  the  strongly  oversized  11 'in  atom  in  the  Ge 
matrix.  This  reasoning  becomes  unique  when  the 
presence  of  the  Ga  dopants  are  simultaneously  taken 
into  account;  vice  versa  with  similar  considerations,  one 
can  infer  that  the  Ga  doping  atoms,  being  shallow 
acceptors  like  the  In  probes,  do  not  (or  very  weakly) 
interact  with  Vs.  Recent  ab  initio  calculations  also  place 
an  acceptor  level  for  V  in  that  energy  region  [11].  This  is 
also  in  accordance  with  earlier  evidence  from  electrical 
measurements  [1]. 

For  the  self-interstitials’  trapping  at  the  probes,  the 
data  displayed  in  Fig.  4  leave  two  possible  scenarios  for 
the  interstitials’  charge  states.  Both  need  a  level  close  to 
the  conduction  band,  see  Fig.  5.  If  this  level  were  a 
donor,  trapping  might  be  explained  as  occurring 
between  positive  Is  and  the  probes  (Coulomb  attrac¬ 
tion),  loss  of  trapping  in  highly  doped  n-Ge  would  then 
result  from  the  neutralisation  of  I.  Loss  of  trapping  in 
/►-type  Ge  would  result  from  competitive  Coulomb 
trapping  at  the  Ga  dopants.  A  second  scenario  might 


assume  the  level  close  to  the  conduction  band  to  be  an 
acceptor.  In  this  case,  trapping  would  take  place 
between  neutral  Is  and  the  In  probes.  Loss  of  trapping 
in  n-material  would  then  result  from  the  Coulomb 
repulsion  when  I  turns  negative.  Loss  of  trapping  in 
p-type  Ge  either  from  competitive  trapping  of  the 
neutral  Is  with  the  Ga  dopants  or  due  to  a  second  gap 
state  of  the  Is  in  the  lower  half  of  the  band  gap  which 
might  render  Is  positive  in  highly  doped  material  also 
leads  to  competitive  trapping  at  Ga.  The  trapping  data 
alone  cannot  decide  between  these  two  options.  Recent 
ab  initio  calculations  [12]  indeed  place  an  acceptor  level 
close  to  the  conduction  band,  which  is  also  in 
accordance  with  earlier  more  indirect  evidence  [1].  If 
we  accept  that  interpretation  (scenario  2),  an  interesting 
question  arises  as  to  the  origin  of  the  interaction 
between  a  neutral  I  and  a  negative  In  atom  while,  on 
the  other  hand,  there  is  practically  no  interaction 
between  the  Is  and  the  donor  dopants  (Sb).  This 
question  is  thoroughly  discussed  in  Ref.  [13]. 

3.3.  Kinetic  properties  of  vacancies  and  self-interstitials 

Fig.  6  shows  detailed  annealing  experiments  in  p-Ge 
following  electron  irradiation.  Capture  of  the  neutral 
vacancy  and  the  interstitial  (presumably  also  neutral,  see 
above)  occurs  in  a  similar  temperature  range.  200(1 0)K 
for  the  vacancy  and  220(10)  K  for  the  interstitial  (for 
15  min  isochronal  anneals).  From  several  supporting 
arguments,  we  conclude  that  the  capture  processes  are 
diffusion  limited  implying  that  both  defects  undergo 
long  range  migration  with  very  similar  activation 
energy,  about  0.6(1  )eV.  This  finding  is  somewhat 
surprising  since  interstitial  migration  is  often  assumed 
to  occur  at  much  lower  temperatures.  From  the 
annealing  behaviour  shown  in  Fig.  6  the  binding  energy 
to  the  In  probe  can  also  be  extracted:  0.5(1)  eV  for 
both  I  and  V.  With  the  given  defect  identification,  the 


60  80  200  250  309  350  400  450 

temperature  [K] 


Fig.  6.  Normalised  fractions  of  11 'in  atoms  forming  complexes 
with  vacancies  (squares)  and  self-interstitials  (circles)  observed 
versus  annealing  temperature  after  electron  irradiation  at  77  K 
in  p-Ge. 
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production  and  thermal  annealing  of  the  neutrino  recoil 
can  also  be  understood.  The  recoil  process  leads  to  a 
vacancy-associated  probe  (vpi)  with  a  defect  stability  of 
only  205  K  in  contrast  to  the  stability  of  this  same  pair 
occurring  in  the  trapping  reaction  (about  400  K,  see 
Fig.  6).  This  fact  implies  that  the  mechanisms  erasing  the 
pair  are  different:  after  recoil,  the  pair  is  annihilated  by 
the  close-by  but  not  visible  antidefect,  the  self-inter¬ 
stitial;  after  trapping,  however,  the  pair  disappears  when 
the  vacancy  overcomes  the  binding  to  the  probe  and 
diffuses  away.  Both,  free  interstitial  trapping  (220  K,  see 
Fig.  6)  and  pair  annihilation  by  the  close-by  interstitial 
are  rather  close  in  temperature  (the  latter  about  20  K 
lower)  indicating  that  the  processes  are  diffusion  limited 
and  not  determined  by  barriers  since  eventual  barriers 
should  be  quite  different. 

3.4.  Electrical  level  of  In-V pair 

Since  the  probe-defect  complexes  (In-V,  In-I,  Cd-V, 
Cd-I)  play  such  an  important  role  in  PAC,  further 
electrical  and  structural  information  on  these  pairs  is 
desirable.  For  electrical  information  DLTS  is  useful, 
however,  even  though  quite  a  number  of  studies  on 
radiation-induced  defect-impurity  pairs  exist,  interpre¬ 
tation  of  the  data  remained  more  or  less  speculative.  We 
have,  therefore,  used  DLTS  on  radioactive  ,llIn  probes 
as  described  above.  In  this  study,  a  level  in  p-Ge  at 
E  =  E\  +  0.33  eV  decreases  in  concentration  with  a 
half-life  of  2.8  d  and  must,  therefore,  be  related  to  the 
11!In  probe  [14].  From  PAC  measured  on  the  same 
sample,  we  can  assign  this  level  uniquely  to  the  In-V 
defect,  which  is  the  only  one  appearing  in  the  PAC 
spectra.  Since  the  Cd-V  level,  into  which  the  In-V  level 
decays,  is  not  observed  in  these  spectra,  we  conclude 
that  it  must  be  situated  in  the  upper  half  of  the  band 
gap.  Levels  associated  with  I  are  neither  observed  in  p- 
type  nor  in  n-type  material,  one  reason  might  be  that 
these  levels  are  too  shallow  to  be  detected. 

3.5.  Structural  properties  of  defect-impurity  pairs 

Since  PAC  always  measures  the  properties  of  defect- 
probe  pairs,  structural  information  on  the  isolated 
defects  is  not  directly  available.  Some  information  on 
the  defect-probe  pairs,  however,  can  directly  be  gained 
by  PAC-like  symmetry  properties  and  crystallographic 
orientation.  This  information  was  used  in  characterising 
the  Cd-V  and  Cd-I  pair.  Another  major  source  of 
information,  the  strength  of  the  EFG  (coupling  constant 
vq )  has  in  the  past  found  little  application  in  determin¬ 
ing  defect  structures  since  it  could  not  be  reliably 
calculated  for  comparison  with  experiment.  This  situa¬ 
tion,  however,  is  about  to  change.  Recently,  ab  initio 
methods  have  been  used  to  calculate  the  geometric 
structure  and  resulting  field  gradients  for  defects  and 


defect  pairs  in  semiconductors  [8,9].  In  the  present  case, 
the  small  electric  field  gradient  (quadrupole  coupling 
vq  =  54  MHz)  obtained  for  the  Cd-V  pair  has  prompted 
us  to  suggest  that  the  Cd  probe  might  assume  a  positi 
n  in  the  centre  of  a  divacancy-like  configuration 
(“split-vacancy”)  analogous  to  the  Sn-vacancy  config¬ 
uration  in  Si  unravelled  by  Watkins  [3].  This  special 
configuration  might  also  be  involved  in  defect  structures 
measured  by  PAC  in  Si  [15-17]  where  defect  fre¬ 
quencies  in  close  analogy  to  Ge  appear  ( vq  =  29  and 
451  MHz).  Calculations  for  both  Ge  and  Si  are  presently 
on  the  way  [18]  and  seem  to  corroborate  the  identifica¬ 
tions  given  for  the  vacancy  and  self-interstitial  in  the 
present  work. 


4.  Conclusion 

A  combination  of  several  experimental  techniques 
based  on  radioactive  probes  has  been  used  to  study  the 
fundamental  defects,  vacancy  and  self-interstitial  in  Ge. 
Identification  of  the  defects  could  be  achieved  and  a 
variety  of  microscopic  defect  parameters  determined. 
Recently,  published  results  obtained  with  positron 
annihilation  spectroscopy  [19]  and  X-ray  techniques 
[20]  confirm  the  conclusions  of  the  present  paper  on  the 
kinetic  properties  of  V  and  I.  Newly  developed  ab  initio 
calculations  of  EFGs  will  allow  to  draw  detailed 
structural  information  from  the  measured  PAC  para¬ 
meters  by  comparison  of  experiment  and  theory  in  the 
near  future  [18]. 
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Abstract 

The  implantation  behaviour  of  boron  in  silicon-germanium  mixed  crystals  was  studied.  The  P-NMR  technique  was 
used  to  measure  electric  field  gradients  at  boron  nuclei  in  defects.  In  addition,  full-potential  DFT  calculations  were 
performed  to  allow  the  interpretation  on  the  basis  of  calculated  bond  lengths  and  electronic  densities.  Two  defects  were 
identified:  a  boron-germanium  pair  on  lattice  site  in  a  relaxed  silicon  environment  and  a  complex  with  interstitial 
boron.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon-germanium  crystals;  Boron  implantation;  0-NMR;  DFT  calculations 


Silicon-germanium  crystals  carry  expectations  for 
improved  semiconductor  devices.  Although  the  phase 
diagram  [1]  and  the  band  gaps  for  different  compositions 
of  Sii_vGev  [2]  are  known,  investigations  about  growth 
properties  and  doping  conditions  are  still  relevant.  The 
volume  difference  between  silicon  and  germanium  of 
about  4%  makes  it  difficult  to  grow  bulk  materials  in 
good  quality,  and  the  development  of  acceptors  after 
boron  implantation  depends  on  the  occupied  lattice  site. 
In  order  to  contribute  to  the  knowledge  of  boron  defect 
centres,  we  have  implanted  radioactive  12B  into  the 
mixed  crystals.  Combining  p-NMR  measurements  with 
full-potential  DFT  calculations,  we  were  able  to  identify 
and  characterise  two  boron  defect  configurations. 

In  the  experiment,  we  took  advantage  of  the  known 
nuclear  properties  of  the  radioactive  12B  isotope  and  its 
production  process.  The  nuclear  spin  of  the  ground  state 
is  I71  —  1+.  Using  1.5  MeV  deuterons  in  the  UB  (d,  p)  12B 
nuclear  reaction  on  a  thin  target  foil  and  choosing  the 
appropriate  recoil  angle  of  45°  [3],  we  obtained  a  10% 
polarisation  of  the  nuclear  spin  in  the  implanted  nuclear 
ensemble.  This  polarisation,  which  is  correlated  to  the 
asymmetric  ejection  of  electrons  in  the  p-decay  of  12B, 
was  detected  by  two  detectors,  one  on  each  side  of  the 
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reaction  plane.  The  boron-doped  crystals  were  grown  by 
the  Czochralski  method  to  make  samples  with  germa¬ 
nium  contents  between  0%  and  7%  [4].  In  order  to  be 
able  to  align  each  of  the  three  low-index  axes  of  the 
cubic  lattice  parallel  to  the  external  magnetic  field  Bo, 
the  single  crystals  were  prepared  to  have  polished  (110) 
surfaces. 

In  the  combined  interaction  with  the  external 
magnetic  field  and  the  electric  field  gradient,  the 
degenerate  nuclear  level  is  split  with  respect  to  the 
nuclear  magnetic  quantum  number  m.  The  sublevel 
position  depends  on  the  Larmor  frequency  vl  and  the 
quadrupole  constant  vq  which  are  defined  by 

hvL  =  -( m/I)nB0 ,  hvQ  =  eQVzz.  (1) 

Vzz  is  the  greatest  eigenvalue  of  the  electric  field 
gradient.  For  UB,  the  nuclear  magnetic  moment 
H  =  1 .002  pB  [5]  and  the  quadrupole  moment  and  its 
sign  Q  —  13.2  mb  [6,7]  are  known. 

In  the  experiment,  we  frequently  made  use  of 
transitions  between  the  m  =  -1  and  m  —  +1  sublevels, 
which  can  be  observed  if  quadrupolar  interactions  are 
present.  The  transition  frequency  between  these  levels  is 
calculated  from  second  order  perturbation  theory  [8]: 

v-i«-+i  =  2vl  +  8 

with  S  =  (3/8)2  sin2  0(3  cos 2  6  +  l)Vg/vL.  (2) 
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Here,  0  is  the  angle  between  the  directions  of  z  and  Bo 
The  angular  dependence  of  5  was  used  to  determine  the 
alignment  of  the  field  gradient  in  the  lattice. 

There  are  two  configurations  which  were  identified  by 
their  quadrupolar  interaction:  interstitial  boron  and 
boron  on  a  lattice  site  with  one  germanium  neighbour. 
Both  these  defects  have  Qv  symmetry  around  the  [1  1  1] 
axis  of  the  lattice  and  are  merely  discriminated  by  the 
strength  of  the  electric  field  gradient.  This  finding  can  be 
demonstrated  in  Fig.  1. 

In  principle,  there  are  four  [111]  directions  in  the  T( / 
lattice  which  give  rise  to  four  resonances  in  the 
spectrum.  As  can  be  seen  in  Fig.  1,  these  resonances 
fall  in  one  line  if  the  [1  00]  axis  of  the  crystal  is  aligned 
parallel  to  the  external  magnetic  field.  The  resonance  of 
the  interstitial  boron  exhibits  the  greatest  shift  from  the 
2v[  value  in  the  spectrum  and  is  followed  by  the  boron 
germanium  pair  which  has  a  weaker  field  gradient.  The 
resonance  line  closer  to  2vL  belongs  to  the  substitutional 
boron  atoms  in  the  slightly  distorted  lattice. 

The  (3-NMR  resonance  of  the  interstitial  boron  was 
observed  first  in  pure  silicon  by  Fischer  et  al.  [9].  It  is 
tempting  to  correlate  this  measured  defect  to  the 
negative  U-system  which  Watkins  et  al.  [10,11]  had 
described.  Investigating  different  silicon-rich  Sit  vGcv 
samples,  we  found  that  the  resonance  frequencies  were 
independent  of  the  germanium  content.  In  all  samples,  a 
negative  field  gradient  of  Vzz  =  - 1 1.2  (8)  V/A:  was 
measured,  the  value  of  w'hich  is  in  agreement  w'ith 
Fischers  result. 

For  the  attributed  defect  complex,  two  different 
configurations  are  in  discussion.  Watkins  suggested  a 
positively  charged  boron  w'hich  is  located  in  the  bond- 
centre  between  two  silicon  atoms  [10],  whereas  recently 
DFT  calculations  [12]  supported  the  configuration 
originally  proposed  by  Tarnow'  et  al.  [13].  Here,  a  two¬ 
fold  positively  charged  silicon  in  the  interstitial  is 
bonded  to  a  negative  boron  w'hich  remains  close  to  a 
regular  lattice  site.  This  configuration  is  shown  in  Fig.  2. 


1.64  1.65  1.66  1.67 

1 1  frequency  |MHz] 


Fig.  1.  Quadrupole  resonances  in  the  p-NMR  spectrum  for  the 
v ....  |  .i, i  transitions  in  a  mixed  crystal  with  7at%  germanium 
content  at  room  temperature. 


Fig.  2.  Proposed  configuration  for  interstitial  boron. 


In  order  to  take  the  measured  field  gradient  value 
to  decide  between  the  two  configurations,  wre  carried 
out  the  full-potential  DFT  calculations  using  the 
program  package  WIEN97  [14].  This  code  is  based 
upon  the  density  functional  theory  [15],  the  Kohn-Sham 
formalism  [16]  and  the  linearised  augmented  plane 
waves  method  [17].  For  the  exchange  and  correlation 
potential,  the  representation  of  Perdew'  et  al.  [18]  wras 
used.  Additionally,  a  Newton  algorithm  wras  introduced 
to  find  the  configuration  in  the  minimum  of  energy. 

The  configurations  were  calculated  in  an  array  of  8,  9 
atoms,  respectively,  which  w'ere  subjected  to  the 
symmetry  conditions  mentioned  above.  In  each  Newton 
cycle  these  symmetries  were  maintained  and.  in  addition, 
the  bond-centre  configuration  of  boron  was  to  conserve 
the  inversion  symmetry.  The  atom  positions  w'ere 
changed  until  the  forces  converged  to  a  value  low'er 
than  0.5mRy/<7(|. 

For  both  configurations,  we  found  negative  electric 
field  gradients.  An  overview  of  the  results  of  the 
measurements  and  calculations  is  given  in  Table  1.  In 
the  first  tw'o  rows  of  the  table,  the  bond  lengths  and  the 
field  gradients  were  calculated  at  the  minimum  of  total 
energy,  w'hile  in  the  last  tw'o  rows,  the  field  gradients 
were  calculated  by  the  WIEN  code  maintaining  the 
bond  lengths  which  are  given  in  the  reference  papers.  As 
an  illustration  of  the  results,  contour  plots  of  the 
calculated  electronic  charge  densities  in  the  [1  1  0]  planes 
of  the  lattice  are  shown  in  Figs.  3  and  4.  For  both 
configurations,  the  cigar-like  enhanced  charge  densities 
around  boron  ions  indicate  negative  field  gradients. 

Now'  we  try  to  make  a  decision  between  the  two 
proposed  configurations  from  a  comparison  between  the 
measured  and  calculated  field  gradients.  It  is  obvious 
from  the  table  that  extremely  short  boron-silicon  bonds 
and  consequently  high  field  gradient  values  are  neces¬ 
sary  to  establish  the  bond-centre  configuration.  The 
calculated  field  gradient  of  V  zz  =  -47.0  V/A2  greatly 
exceeds  the  measured  value.  For  Tarnow'’s  configuration 
our  calculation  yielded  Vzz  —  -7.3 V/A2.  All  boron- 
silicon  bonds  are  found  to  be  larger  than  2.03  A.  We 
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Table  1 


Calculated  bond  lengths  dt  and  field  gradients  V~  for  different  configurations  of  interstitial  boron  in  comparison  with  the  measured 
field  gradient 


Reference 

dx  (A) 

d2  (A) 

di  (A) 

da,  (A) 

Vz:  (V/A2) 

Bond-centre  (this  work) 

1.85 

-47.0 

Complex  (this  work) 

2.10 

2.05 

2.23 

2.56 

-7.3 

Hakala  [12] 

2.08 

2.03 

2.19 

2.51 

-7.5 

Tarnow  [13] 

Experiment  (this  work) 

2.08 

2.07 

2.51 

2.51 

-17.9 

-11.1(8) 

Fig.  3.  Contour  plot  of  the  electronic  charge  density  for 
Tarnow’s  configuration.  The  contour  lines  are  shown  in  the 
[1  1  0]-plane  in  the  dimension  of  {e/a}(). 

mention  that,  in  this  configuration,  the  field  gradient 
significantly  depends  on  the  out-of-axis  bond  lengths 
and  might  be  adjusted  to  the  measured  value  by 
changing  the  lengths.  In  conclusion,  we  like  to  propose 
that  the  observed  resonance  is  more  likely  caused  by  a 
defect  configuration  similar  to  Tarnow’s  suggestion. 

In  a  second  experiment,  the  details  of  which  will  be 
given  in  a  forthcoming  publication,  we  found  the 
formation  of  boron-germanium  pairs  in  silicon-rich 
mixed  crystals.  In  the  (3-NMR  measurements  we  found 
a  field  gradient  of  Vzz  =  3.8(3)  V/A2.  Our  DFT  calcula¬ 
tions  lead  to  a  value  of  Vzz  =  3.1  V/A2  at  the  minimum 
of  the  total  energy  of  the  system.  As  this  value  is  in 
reasonable  agreement  with  the  measured  field 
gradient,  the  above  attribution  is  considered  to  be 
confirmed.  With  reference  to  the  undisturbed  pure 
crystals,  bonds  are  smaller  when  boron  is  the  partner 
in  the  pair  configurations.  However,  the  boron-silicon 
bond  does  not  go  below  d  =  2.16  A.  This  result  may  be 
taken  as  a  further  support  for  the  preference  of 
Tarnow’s  configuration. 

In  conclusion,  we  point  out  that  the  combination  of 
measurements  and  full-potential  model  calculations  was 
necessary  for  the  identification  of  defect  complexes  and 


[HOj  axis  in  a0 

Fig.  4.  Contour  plot  of  the  electronic  charge  density  for  the 
bond-centre  configuration. 


provided  insight  in  the  geometric  and  electronic 
structures  of  these  defects. 
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Abstract 

Interstitially  dissolved  oxygen  atoms  in  the  Czochralski-grown  Gel  vSix  were  investigated  by  the  infrared 
spectroscopy  together  with  the  analysis  by  the  secondary  ion  mass  spectroscopy  and  the  X-ray  fine  structure.  In  GeSi 
alloys  in  the  whole  composition  range  0<x<  1,  oxygen  atoms  occupy  preferentially  a  bond-center  site  between  Si  atoms 
to  make  a  Si-O-Si  quasi-molecule  leading  to  a  typical  1 106  cm-1  peak.  The  1 106  cm-1  peak  shifts  to  low  frequency  side 
with  an  increase  in  Ge,  possibly  due  to  the  expansion  of  Si-Si  bonds.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Germanium-silicon  alloys;  Oxygen;  Infrared  spectroscopy;  Crystal  growth 


1.  Introduction 

Germanium-silicon  (Gei_YSiA-)  alloy  is  a  fully  miscible 
solid  solution  of  the  diamond-base  and  has  attracted 
keen  interest  as  material  for  applications  such  as  both 
microelectronic  and  opto-electronic  devices  with  various 
unique  properties  due  to  the  band  gap  and  lattice 
parameter  variations  according  to  the  composition  [1]. 
GeSi  alloy  crystals  have  been  successfully  grown  by  the 
Czochralski  technique  from  a  melt  prepared  in  a  quartz 
crucible  [1-5],  A  large  number  of  oxygen  atoms  are 
incorporated  into  the  grown  crystals  due  to  the  chemical 
reaction  between  Si  melt  and  quartz  crucible  [4].  Oxygen 
is  one  of  the  most  important  impurities  in  Si  from  both 
the  practical  and  fundamental  points  of  view.  It  is  well 
known  that  oxygen  atoms  dissolve  interstitially  in  Si  in 
the  concentration  of  about  1018cm-3  in  maximum 
concentration  and  occupy  a  bond-off  center  site  between 
Si  atoms.  Such  a  Si-O-Si  quasi-molecule  causes  the  anti¬ 
symmetric  stretching  vibration  around  1106  cm-1  at 
room  temperature.  Similarly,  in  Ge,  oxygen  occupies  the 
similar  site  to  make  a  Ge-O-Ge  [6],  but  the  concentra¬ 
tion  is  more  than  two  orders  of  magnitude  lower  in  Ge 
than  in  Si.  Far  less  is  known  about  oxygen  impurities  in 
GeSi  except  only  for  Si-rich  cases  higher  than  x  =  0.93 
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as  reported  by  Kaneta-Yamada  et  al.  [7]  and  Wauters 
and  Clauws  [8]. 

This  paper  reports  the  infrared  spectroscopy  investi¬ 
gation  of  interstitially  dissolved  oxygen  atoms  in  the 
Czochralski-grown  Gei_ASiA  alloy  crystals  in  the  com¬ 
plete  composition  range  (0<x<l).  The  results  are 
discussed  together  with  the  total  oxygen  concentration 
obtained  by  the  secondary  ion  mass  spectroscopy 
(SIMS)  and  the  local  atomic  structure  by  the  extended 
X-ray  fine  structure  (XAFS)  studies  [9], 


2.  Experiments 

High  purity  bulk  crystals  of  Gei_YSi.Y  alloys 
across  the  whole  composition  range  Oct<l  were 
grown  by  the  Czochralski  technique  at  very  low 
pulling  rates  ranging  from  1  to  8  mm/h  in  a  flowing  Ar 
gas  atmosphere.  The  details  are  described  in  previous 
papers  [1-5].  Samples  for  experiments  were  prepared 
from  the  as-grown  boules  of  both  single  crystals  of  GeSi 
alloy  in  the  composition  ranges  Oct <0.1 5  and 
0.85  ct<l  and  polycrystals  in  the  composition  range 
0.15<x<0.85.  The  composition  of  the  grown  alloys  was 
determined  by  means  of  energy  dispersive  X-ray  (EDX) 
analysis. 

The  infrared  absorption  in  the  alloys  was  observed  at 
room  temperature  (RT)  and  at  5K  by  means  of  a 
Fourier  transform  infrared  (FT-IR)  spectrophotometer 
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using  JEOL-1 00  and  BRUKER-IFS66  V  apparatus  with 
a  liquid  helium  cryostat,  respectively. 


3.  Results  and  discussion 

Fig.  1  shows  the  infrared  absorption  spectra  of  the 
grown  Gei  vSi  v  alloys  of  various  Si  content  .y,  obtained 
at  RT.  The  remarkable,  broad  peak  was  observed  at  the 
position  centered  around  1 106cm  \  which  originate  on 
the  anti-symmetric  stretching  vibration  of  interstitially 
dissolved  oxygen  atoms  between  Si  atoms,  Si -O— Si.  The 
absorption  coefficient  3-4 cm"1  was  measured  in  Si-rich 
GeSi  alloys,  meaning  that  a  large  number  of  interstitial 
oxygen  atoms  are  being  included  in  the  alloys.  The  peak 
intensity  decreases  with  a  decrease  in  the  Si  content  x 
and  then  the  peak  almost  disappears  in  the  alloys  with  .y 
lower  than  0.23.  In  addition,  with  decreasing  .y  the  peak 
position  shifts  to  the  low  wave  number  side.  No  peak  at 
855  cm  1  originating  from  Ge-O-Ge  vibration  was 
detected  even  in  Ge-rich  GeSi  alloys.  Moreover,  there 
is  no  peak  in  the  wave  number  range  1 106-855  cm  '.  At 
5K  the  main  peak  originating  from  Si-O-Si  vibration 
shifts  to  the  high  frequency  side  and  no  other  peak  is 
observed  in  the  above-mentioned  wave  number  range. 
Thus,  it  seems  that  no  peak  originating  into  Si-O-Ge 
quasi-molecule  exists  in  GeSi  alloys. 

Fig.  2  shows  the  absorption  coefficient  of  the  peak 
around  1 106  cm”  1  as  a  function  of  alloy  composition.  In 
the  figure,  the  total  amount  of  oxygen  atoms  in  the  GeSi 
alloys,  determined  by  SIMS  using  Cs induced  at  10  kV, 
is  also  shown.  The  peak  intensity  corresponds  well  to  the 
change  of  the  total  oxygen  concentration  determined  by 
SIMS,  which  means  that  almost  all  the  oxygen  atoms  in 
the  alloys  are  present  as  interstitially  dissolved  atoms, 
but  not  as  precipitates.  As  seen  in  Fig.  2,  their 
dependences  on  the  alloy  composition  fit  well  with  the 
relation  Ax2,  where  A  is  a  constant.  The  results  seem  to 
show  that  the  oxygen  concentration  depends  strongly  on 


the  ratio  of  Si  Si  bonds  in  GeSi  alloy  with  respect  to  the 
composition,  if  Si  and  Ge  atoms  occupy  the  lattice  sites 
randomly.  In  fact,  the  XAFS  investigations  show  the 
random  substitutional  site  occupancy  of  Si  and  Ge 
atoms  and  no  preferential  ordering  of  the  Ge-Ge  dimer 
across  the  complete  composition  range  [9].  We  find  that 
an  oxygen  atom  preferentially  occupies  the  bond- 
centered  position  of  Si-Si  bonds,  forming  Si— O— Si 
centers.  Probably  oxygen  atoms  have  a  stronger  inter¬ 
action  with  Si  atoms  than  with  Ge  ones.  From  the 
correlation  between  the  peak  intensity  and  oxygen 
concentration,  the  calibration  factor  is  estimated  to  be 
5  x  10l7cm  2. 

As  seen  in  Fig.  3,  the  maximum  peak  around 
1106cm  1  shifts  to  the  low  wave  number  side  linearly 
with  the  alloy  composition  in  the  complete  range.  In 
comparison  with  the  previous  results  on  Si-rich  GeSi 
alloys  reported  by  Kaneta-Yamada  et  al.  [7]  and 
Wauters  and  Clauws  [8],  also  shown  in  the  figure,  the 
change  rate  is  rather  weak.  The  XAFS  investigation  [9] 
shows  the  following:  First,  the  Ge-Ge  and  Ge-Si  bond 
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Fig.  2.  The  absorption  coefficient  of  the  peak  around 
1106cm  1  as  a  function  of  alloy  composition  together  with 
the  oxygen  concentration  measured  by  SIMS.  The  broken  line 
shows  the  ratio  of  Si-Si  bonds  in  GeSi. 


Fig.  1.  Infrared  absorption  spectra  of  the  as-grown  Ge,  ASix 
alloys  of  various  Si  content  .v,  measured  at  RT. 


Si  content  x 

Fig.  3.  Shift  of  the  1106cm  1  peak  as  a  function  of  alloy 
composition  together  with  those  reported  by  Yamada-Kaneta 
et  al.  [7]  and  Wauters  and  Clauws  [8]. 
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lengths  in  GeSi  alloys  increase  linearly,  being  parallel  to 
each  other,  with  decreasing  Si  content.  Possibly  the  Si-Si 
bonds,  not  investigated,  have  the  same  dependence  on 
composition  in  analogy  with  the  Ge-Ge  and  Ge-Si 
cases.  Second,  the  bonding  feature  in  bulk  GeSi  alloys  is 
close,  but  not  completely,  to  the  Pauling  limit  [10]  rather 
than  the  Vegard  limit  [11].  From  these  XAFS  results,  it 
is  known  that  most  of  the  strain  in  GeSi  alloys  may  be 
accommodated  by  changes  in  the  bond  length  and  bond 
angle.  Yamada-Kaneta  et  al.  [7]  and  Wauters  and 
Clauws  [8]  pointed  out  that  the  peak  shift  of 
1106  cm'1  to  lower  wave  numbers  is  attributed  to  Si- 
O-Si  vibration  perturbed  on  Ge  atoms  at  second  and 
third  neighbor  sites  with  changing  coupling  strength. 
Here,  besides  this  mechanism  an  increase  of  the  Si-Si 
bond  length  with  the  decrease  of  Si  content  may  be 
included. 


4.  Conclusion 

Interstitially  dissolved  oxygen  atoms  in  Get_A.SiA. 
crystals  in  the  whole  composition  range  (Ocxcl) 
grown  by  the  Czochralski  method  were  investigated  by 
means  of  FT-IR,  SIMS  and  XAFS.  Only  a  typical  peak 
at  1106  cm”1  originating  from  the  vibration  of  Si-O-Si 
molecule  was  detected  for  the  complete  composition 
range.  Oxygen  atoms  are  known  to  occupy  preferentially 
a  bond-center  site  between  Si  atoms  and  to  make 
Si-O-Si  quasi-molecules  in  GeSi  alloys.  The  expansion 


of  Si-Si  bonds  with  an  increase  in  Ge  content  may  lead 
to  a  shift  of  the  1 106  cm-1  peak  of  the  Si-O-Si  vibration 
to  lower  wave  numbers. 
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Abstract 

The  self-diffusivity  D  of  implanted  7lGe  in  relaxed,  monocrystalline  Si i  ,Get  epi-layers  has  been  measured  as  a 
function  of  temperature  T  (894rC^  1263X)  and  composition  v  (0^y<  l)  by  means  of  a  radiotracer  technique, 

where  serial  sectioning  was  done  by  ion-beam  sputtering.  For  all  compositions,  the  T-dependence  of  D  is  of  Arrhenius 
type.  The  r-dependencies  of  both  the  diffusion  enthalpy  and  the  pre-exponential  factor  of  D  show  a  break  at  y^0.25, 
which  is  ascribed  to  a  transition  from  interstitialcy-  (y<0.25)  to  vacancy-  (r  >  0.25)  mediated  71Ge  self-diffusion. 
(O  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  66.30. -h:  66.30.Fq:  81.05.Hd 


Keywords:  Si-Ge  epi-layers:  71Ge  self-diffusion:  Radiotracer 


technique:  Transition  from  interstitialcy  to  vacancy  mechanism 


1.  Introduction 

Recently,  a  renaissance  of  Si-Ge  alloys  in  semicon¬ 
ductor  device  technology  has  taken  place  because  of  the 
following  reasons.  Their  charge  carrier  mobility  and 
their  band  structure  can  be  altered  by  changing  the  com¬ 
position.  For  their  device  integration,  the  conventional 
and  hence  inexpensive  silicon  technology  can  be  used. 

A  firm  knowledge  of  the  diffusion  in  Si-Ge  alloys 
is  highly  desirable.  On  the  one  hand,  doping  with 
group-III  and  group-V  elements  for  engineering  the 
electric  properties  involves  diffusion;  on  the  other  hand, 
the  unintended  in-diffusion  of  impurities  has  to  be 
avoided. 

Concerning  diffusion  in  alloys,  its  dependencies  on 
temperature  and  composition  are  of  major  interest.  This 
is  particularly  so  for  Si-Ge.  since  different  mechanisms 
of  intrinsic-point-defect-mediated  diffusion  operate  in  its 
components  [1].  This  is  due  to  the  fact  that  under 
thermal-equilibrium  conditions,  in  Ge,  vacancies  arc  the 
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only  defect  species,  whereas  in  Si,  vacancies  and  self¬ 
interstitials  co-exist.  More  specifically,  in  Ge,  self¬ 
diffusion  takes  place  via  vacancies  in  the  entire  regime 
of  solid-state  temperatures;  in  Si,  self-diffusion  is  self- 
interstitial-controlled  above  about  lOOCTC  and  vacancy- 
controlled  at  lower  temperatures.  This  implies  that  in 
Si-Ge,  the  mechanisms  of  self-diffusion  change  as  a 
function  of  composition.  This  change  can  be  investi¬ 
gated  since  the  system  Si-Ge  does  not  have  a  gap  of 
miscibility. 

Already  in  1974,  McVay  and  DuCharme  [2]  published 
data  on  the  self-diffusion  of  7lGe  in  polycrystalline 
Si-Ge.  Within  a  research  project  of  the  present  authors, 
the  self-diffusivities  of  both  7lGe  and  31  Si  in  mono¬ 
crystalline  Si-Ge  epi-layers  are  measured.  First  results 
on  the  diffusion  of  7lGe  are  presented  in  this  paper. 


2.  Experiments 

The  specimens  used  in  the  present  investigations  were 
7  x7mnr  platelets  sawn  out  from  the  following  three 
kinds  of  relaxed,  monocrystalline  Si]  ,  Ge,  epi-layers,  all 
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of  which  were  intrinsic  and  had  been  grown  from  the 
vapour  phase  on  (1  0  0)-oriented  substrates: 

(i)  Sio.95Geo.05,  10  pm  thick,  grown  at  1100°C  at  the 
Institute  of  Electronics  of  the  Academy  of  Sciences 
of  Uzbekistan  in  Tashkent.  The  density  of  the 
threading  dislocations  in  the  epi-layers  was  esti¬ 
mated  to  be  10,om-2  from  the  pit  densities  on 
Secco-etched  surfaces  by  optical  microscopy. 

(ii)  Sio.9oGe0.io,  0.4  pm  thick,  and  Sio.75Geo.25,  1.05  pm 
thick,  grown  on  the  substrates  after  deposition  of  a 
10  nm  thick  Si-buffer  layer  by  Okmetic  Ltd., 
Vantaa,  Finland.  The  density  of  the  threading 
dislocations  in  the  epi-layers  was  found  to  be  less 
than  109m-2  by  transmission  electron  microscopy. 

(iii)  Sio.57Geo.43,  0.45  pm  thick  and  virtually  dislocation- 
free,  grown  on  the  substrates  after  deposition  of  an 
about  2  pm  thick  graded  Si-Ge  buffer  layer  at 
DaimlerChrysler  Forschungszentrum,  Ulm,  Germany. 

The  diffusion  studies  were  performed  by  means  of 
a  modified  radiotracer  technique,  in  which  the 
71Ge-tracer  atoms  were  implanted  with  an  energy 
of  60keV  into  the  Si— Ge  epi-layers  in  a  non-channel¬ 
ling  direction  to  depths  between  30  and  40  nm  at  the 
mass  separator  of  the  Institut  fur  Strahlen 
und  Kernphysik  at  Bonn  University,  Germany,  or  at 
the  on-line  isotope  separator  (ISOLDE)  of  the 
European  Organization  for  Nuclear  Research  (CERN) 
in  Geneva,  Switzerland. 

The  implanted  specimens  were  cleaned  in  acetone, 
RCA  I,  RCA  II,  and  citric  acid,  shortly  dipped  into  HF, 
and  finally  rinsed  with  high-purity  water.  Then  they 
were  sealed  up  in  HSQ-300  quartz  ampoules  under 
15%H2-85%Ar  atmosphere  of  99.9999%  purity,  after 
these  had  been  purified  in  HNO3-HCI  (1:3)  and  HF. 
Next  the  specimens  were  isothermally  diffusion-annealed 
in  the  temperature  range  of  894-1 263°C.  The  durations  of 
annealing  lay  in  the  regime  from  2h  to  30  days,  whose 
upper  limit  was  dictated  by  the  7lGe  half-life  of  1 1.2  days. 
Proceeding  in  this  way  guarantees  that  the  thickness  of 
the  oxide  growing  on  the  epi-layers  during  diffusion 
annealing  is  less  than  5  nm,  and  thus  the  implanted  tracer 
atoms  do  not  get  stuck  in  the  surface  oxide. 

After  diffusion  annealing,  the  71Ge  distributions  in  the 
Si-Ge  epi-layers  were  measured  along  the  depth 
coordinate  x  perpendicular  to  the  epi-layer  surface 
x  =  0.  To  this  end,  the  specimens  were  serially  sectioned 
by  ion-beam  sputtering  at  rates  ranging  from  6  to  10nm/ 
min.  By  sectionwise  counting  the  71Ge  atoms  in  the 
removed  material,  which  was  done  by  monitoring  the 
radioactivity  of  the  71  Ge  decay,  it  was  possible  to 
construct  the  71Ge  concentration  profiles  C(x)  in  the 
diffusion-annealed  specimens.  Implantation  profiles  in 
non-diffusion-annealed  specimens  were  measured  in  the 
same  way. 


x  [nm]  - - 

Fig.  1.  71Ge-profiles  in  Sio.95Geo.05  produced  by  60keV-im- 
plantation  (□)  and  subsequent  diffusion  annealing  at  1095°C 
for  18  h  (•).  The  curve  is  a  fit  of  an  appropriate  solution  of  the 
diffusion  equation  to  the  diffusion  profile. 

—  n°c] 


1200  1000  800  600 


T'1  [10’4K'']  — 

Fig.  2.  Arrhenius  presentation  of  self-diffusion  coefficients  of 

7IGe  in  Sii_,Ger  (T,  y  =  0,  bulk;  . ,  y  —  0,  bulk  [3];  ■ . 

y  =  0.05,  epi-layers;  □,  y  =  0.1,  epi-layers;  •,  y  —  0.25,  epi- 

layers;  O  ,y  =  0.43,  epi-layers;  ♦ ,  y  =  0.95,  bulk; - ,  y  =  1.0, 

bulk  [4];  A,  y  =  1.0,  bulk). 


3.  Results 

Examples  of  an  implantation  profile  and  a 
diffusion  profile  are  presented  in  Fig.  1.  By  fitting  an 
appropriate  solution  of  the  diffusion  equation  to  the 
diffusion  profiles,  self-diffusion  coefficients  for  71  Ge  in 
Si]_vGev,  Z),  may  be  determined.  The  best  fits  were 
obtained  for  the  semi-infinite-space  (x>0)  solution,  which 
contains  the  implantation  profile  for  the  corresponding 
Ge-content  as  initial  condition,  when  total  reflection  of  the 
diffusers  at  the  surface  x  =  0  was  assumed. 

Fig.  2  shows  D  as  a  function  of  the  diffusion 
temperature  T  for  various  compositions  y.  Obviously, 


544 


A.  Strohm  et  al.  /  Physica  B  308  310  (2001)  542-545 


Table  1 


Self-diffusion  enthalpies  H  and  pre-exponential  factors  Du  of  self-diffusion  coefficients  for  7lGc  in  Si  |  vGcv  with  various  Ge-contents  v 


y 

0.00 

0.05 

0.10 

0.25 

0.43 

0.95 

1.00 

H  (eV) 

4.97 

4.9 

4.7 

4.1 

4.0 

3.3 

3.09 

Du  (nr  s  l) 

0.25 

0.4 

0.04 

0.0033 

0.0029 

0.01 

0.00136 

D  obeys  Arrhenius  laws: 

D  =  D()exp(-H/kT),  (1) 

for  all  compositions  investigated  (k  =  Boltzmann’s 
constant).  The  corresponding  diffusion  enthalpies  H 
and  pre-exponential  factors  Ai  are  compiled  in  Table  1. 
For  comparison,  data  from  the  literature  on 
the  diffusion  of  7lGe  in  bulk  Si  (y  =  0)  [3]  and  bulk 
Ge  (y  =  1)  [4]  as  well  as  own  data  on  the  71Ge-diffusion 
in  (11  l)-oriented,  highly  dislocated,  intrinsic  bulk 
Sio.n5Gen.95  are  included  in  Fig.  2  and  Table  1.  Appar¬ 
ently.  these  bulk-diffusion  data  are  in  accordance  with 
our  diffusion  data  on  epi-layers.  To  demonstrate 
the  agreement  of  our  diffusion  data  with  those  of 
other  authors  [3.4].  the  7lGe-diffusivities  in  (111)- 
oriented  bulk  Si  at  1200'C  and  in  (1  00)-oriented  bulk 
Ge  at  748  C  measured  in  the  present  work  are  also 
shown  in  Fig.  2. 

The  composition  dependence  of  the  7lGe-diffusion  in 
Si  1  ,Gev  is  of  particular  interest.  Fig.  3  illustrates  how 
the  diffusion  enthalpy  and  the  pre-exponential  factor  of 
the  diffusion  coefficient  depend  on  the  Ge-content. 
Either  curve  shows  a  break  at  the  same  Ge-content. 
viz.,  v^0.25. 


4.  Discussion 

The  break  in  both  the  H—y  and  the  Dn—y  curves  we 
tentatively  ascribe  to  the  change  from  interstitialcy 
diffusion  on  the  Si-side  to  vacancy  diffusion  on  the 
Ge-side,  which  is  expected  according  to  Section  1 .  This 
interpretation  is  supported  by  other  investigations  to  be 
reported  below. 

At  first  sight,  the  investigations  of  the  7lGe-diffusion 
in  polycrystalline  Si-Ge  of  McVay  and  DuCharme. 
who  also  found  breaks  in  the  H  -  y  and  A>  -  y  curves 
at  a  somewhat  different  composition  (r^0.35),  seem  to 
confirm  our  observations.  However,  one  should  bear  in 
mind  that  several  findings  of  McVay  and  DuCharme  are 
not  understood.  For  y<  0.5,  the  log  D  -  x2  plots  of  their 
diffusion  profiles  show  a  kink  separating  a  steeper 
surface-near  part  from  a  deep-reaching  tail,  where  the 
surface-near  part  shrinks  with  increasing  Ge-content 
and  disappears  completely  for  y  >  0.5.  Evaluating  the 
tails  of  their  profiles,  McVay  and  DuCharme  found  D- 
values,  which  for  all  temperatures  and  compositions 
distinctly  exceed  ours  and  those  of  other  authors  [3,4]. 


Fig.  3.  Self-diffusion  enthalpy  H  (full  symbols)  and  pre¬ 
exponential  factor  Du  (empty  symbols)  of  the  diffusion 
coefficient  for  7lGe  in  Sit  .GC;  as  functions  of  the  Ge-content 
y  (down-triangles,  bulk  [3];  circles,  epi-layers:  squares,  bulk:  up- 
triangles,  bulk  [4]). 

These  ambiguities  raise  doubts  on  whether  McVay  and 
DuCharme’s  data  truly  confirm  our  results. 

Sb  is  a  substitutional  solute  that,  in  contrast  to  7iGe, 
diffuses  via  vacancies  in  both  Si  [5]  and  Ge  [6].  Hence, 
one  expects  that  for  Sb  in  Si  1  ,,Ge,.  neither  occurs  a 
break  in  the  H  -  y  nor  in  the  A)  -  y  curve.  This  has 
been  tested  in  diffusion  measurements  of  Sb  in  relaxed 
Si-Ge  epi-layers  by  Nylandsted  Larsen  and  Kringhoj 
[7].  Whereas  the  uncertainty  of  their  Arvalues  inhibits 
to  determine  reliably  the  dependence  of  Ai  on  r,  H 
decreases  monotonically  from  Si  to  Ge  indeed. 

Fischer  et  al.  [8]  have  measured  the  diffusivity  of 
,v?Au  in  Si|  ,Ge,  up  to  y  =  0.24.  They  found  that  in 
this  composition  range  iy'Au  undergoes  kick-out-type 
diffusion.  This  involves  exchanges  of  mAu  between 
substitutional  (Aus)  and  interstitial  (Aiij)  sites  according  to 

Au„  +  I^Aiij,  (2) 

which  are  mediated  by  self-interstitials  (I).  Hence,  even 
below  1000  C,  where  Fischer  and  collaborators’  diffu¬ 
sion  studies  of  ,y>Au  in  Si-Ge  were  carried  out.  and  up 
to  a  Ge-content  of  24%.  self-interstitials  are  present 
under  thermodynamic  equilibrium  conditions.  This 
result  is  compatible  with  our  view  that  71  Ge  self¬ 
diffusion  in  Si  1  ,Ge,  is  controlled  by  self-interstitials 
up  to  r^0.25,  where  the  curves  in  Fig.  3  show  a  break. 

Further  studies  of  diffusion  in  Sij  vGe,  have  been 
performed  by  Kuo  et  al.  [9].  These  authors  report  that 
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on  the  Si-side,  in  contrast  to  what  is  true  for  7lGe,  for  B- 
diffusion,  H  and  D0  increase  with  increasing  Ge-content. 
This  seeming  conflict  is  resolved  if,  following  Kuo  et  al., 
their  B-data  are  interpreted  in  terms  of  a  slowing  down 
of  the  B-atoms  by  temporary  trapping  at  Ge-sites.  In 
fact,  according  to  Koiwa  [10],  for  this  kind  of  retarded 
diffusion  the  H  —  y  and  Dq  —  y  dependencies  observed 
by  Kuo  et  al.  are  predicted. 
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Abstract 

Observation  of  muon  and  muonium  behaviour  in  semiconducting  materials  provides  valuable  insight  into  analogous 
hydrogen  states  and  dynamics.  We  have  used  muon  spin  rotation,  relaxation  and  resonance  techniques  to  observe  the 
low-temperature  muon  behaviour  in  Czochralski-grown  silicon  and  bulk,  Czochralski-grown  silicon-germanium  alloy 
materials.  Low  temperature  relaxation  of  the  rapidly  moving  tetrahedral  muonium  species  and  its  conversion  to  a 
diamagnetic  species  is  seen  in  the  Cz  material  but  not  in  the  float  zone  silicon,  suggesting  site  change  and  subsequent 
ionisation  are  promoted  by  the  oxygen  impurity.  This  is  also  the  first  time  muon  behaviour  in  a  Sii_.vGev  alloy  material 
has  been  presented.  T  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Hydrogen;  Muonium:  Czochralski-silicon;  Silicon  germanium 


1.  Introduction 

Isolated  hydrogen  centres  are  difficult  to  study 
directly  in  semiconducting  materials,  yet  an  awareness 
of  hydrogen  behaviour  is  essential  to  enable  its  effects  on 
electrical  properties,  diffusion  and  growth  processes  to 
be  understood.  One  way  of  building  up  atomistic 
pictures  of  hydrogen  behaviour  is  through  observation 
of  its  analogue  muonium ,  formed  by  implantation  of 
positive  muons.  Implanted  into  a  semiconducting 
material,  muons  behave  like  light  proton  isotopes, 
mimicking  protons,  isolated  hydrogen  or  hydride  ion 
species  depending  on  how  many  electrons  they  pick  up. 
Observation  of  muon  and  muonium  (the  isolated 
hydrogen  atom  analogue,  p*e  ,  Mu)  behaviour  there¬ 
fore  enables  analogous  hydrogen  behaviour  to  be 
deduced  [1]. 

The  technique  of  pSR — muon  spin  rotation,  relaxa¬ 
tion  or  resonance— involves  implantation  of  spin 
polarised,  positive  muons  followed  by  observation  of 
the  time  evolution  of  the  muon  polarisation  in  the 
sample  after  implantation.  Muons  are  unstable  particles, 
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decaying  after  an  average  lifetime  of  2.2  ps  to  produce  a 
positron,  which  is  preferentially  emitted  in  the  instanta¬ 
neous  direction  of  the  muon’s  spin  at  time  of  decay. 
Detection  of  these  positrons  therefore  allows  the 
evolution  of  the  muon  polarisation  in  the  sample  to  be 
followed  after  implantation,  informing  on  muon  beha¬ 
viour. 

Observation  of  the  muon  response  in  semiconducting 
materials  has  enabled  models  of  hydrogen  behaviour  to 
be  built  up.  In  silicon  and  germanium  at  low  tempera¬ 
tures,  three  muon  states  are  formed:  a  diamagnetic  state 
(p  *  or  p  );  a  paramagnetic,  isotropic  muonium  state 
which  moves  rapidly  between  tetrahedral  sites  (MuT): 
and  an  axially  symmetric,  immobile  bond-centred 
paramagnetic  species  (MuBc).  Detailed  models  for  the 
dynamics  of  these  states  have  been  developed  (for 
example  [2]).  Muons  have  recently  provided  the  first 
experimental  confirmation  of  a  predicted  shallow  donor 
hydrogen  state  in  ZnO  [3],  together  with  observation  of 
shallow  donor  states  in  other  II-VI  materials  [4]. 

The  interaction  between  hydrogen  and  interstitial 
oxygen  in  Si  is  of  particular  interest,  because  of  the 
ability  of  H  to  catalyse  oxygen  diffusion.  The  precise 
mechanism  for  this  is  not  well  understood,  however, 
although  it  is  believed  that  H  adopts  a  bond  centred  site 
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near  to  oxygen  atoms  in  the  Si  lattice  [5,6].  Comparison 
of  the  muon  response  between  float  zone  and  Czo- 
chralski  material  may  enable  information  on  oxygen- 
hydrogen  interactions  to  be  deduced. 

This  current  study  also  includes  data  from  a  bulk,  Cz- 
grown  Sii-AGe.v  alloy.  The  recently  developed  ability  to 
grow  alloy  material  by  the  Czochralski  technique  [7]  has 
opened  up  the  possibility  of  exploring  the  bulk  proper¬ 
ties  of  this  technologically  important  material.  A  more 
detailed  comparison  of  alloy  material  with  Cz-Si  will  be 
presented  elsewhere;  however,  the  alloy  results  shown 
here  are  the  first  presentation  of  the  muon  response  from 
Sij_AGe.Y  material. 


2.  Experimental 

Muon  behaviour  in  three  samples  is  described:  300  pm 
thick,  <111)  oriented,  5  cm  diameter  prime  undoped 
Czochralski  silicon  from  Virginia  Semiconductor,  with  n- 
type  character  and  a  measured  resistivity  of  8850  cm -1 
(5  x  1012  carriers  cm-2);  330  pm  thick,  <111)  oriented, 
10  cm  diameter  float  zone  silicon  from  ShinEtsu  Hando- 
tai  with  n-type  character  and  a  measured  resistivity  of 
3300Qcm_1  (1.5  x  1012  carriers  cm-2);  and  <100)  un¬ 
doped  Czochralski  Si0.9iGe0.09  grown  by  Prof.  I.  Yone¬ 
naga  in  the  form  of  a  single  wafer  2.5  cm  across  and 
about  500  pm  in  thickness. 

Muon  measurements  were  made  at  the  ISIS  pulsed 
muon  facility.  The  muon  spectrometers  enable  decay 
positrons  to  be  detected  using  an  array  of  scintillator 
detectors  arranged  in  two  groups,  one  forward  and  one 
backward  of  the  initial  muon  polarisation  direction. 
Forming  the  normalised  difference  in  positron  counts 
between  these  two  detector  groups  enables  a  direct 
measurement  of  the  time  evolution  of  the  muon 
polarisation  in  the  sample  after  implantation  to  be 
made.  Samples  were  mounted  in  exchange  gas  4He 
cryostats  to  allow  temperatures  from  5-300 K  to  be 
accessed. 

Fig.  1  shows  a  typical  plot  of  the  muon  polarisation  as 
a  function  of  time  after  muon  implantation.  This  plot 
was  taken  from  the  Cz-Si  sample  at  25  K  in  an  applied 
longitudinal  field  of  525  G.  This  plot  was  formed  using 

lF(t)-aB(t) 
a0  F(t)  +  ocB(ty 

where  F  and  B  are  respectively  the  counts  in  the 
detectors  forward  and  backward  of  the  initial  muon 
polarisation  direction,  and  a  is  a  factor  to  correct  for 
small  differences  in  efficiency  and  solid  angle  between 
the  forward  and  backward  detector  sets,  ao  is  the 
forward-backward  detector  asymmetry  corresponding 
to  full  polarisation,  typically  about  0.24  on  the  ISIS 
muon  instruments. 


Fig.  1.  Muon  polarisation  as  a  function  of  time  in  the  Cz-Si 
sample  at  24.8  K  and  a  longitudinal  field  of  525  G.  The 
exponential  decrease  is  due  to  MuT  relaxation;  the  oscillations 
are  due  to  MuBc  states  with  symmetry  axis  parallel  to  the  field 
direction. 

The  features  of  the  polarisation  plot  show  the 
behaviour  of  the  muon  species  in  the  sample.  The  main 
features  in  Fig.  1  are  an  overall  decrease  of  the 
polarisation  with  time  down  to  a  constant  value,  on 
which  is  superimposed  an  oscillatory  component. 
Dynamical  processes  involving  muonium  lead  to  an 
exponential  relaxation  of  the  muon  polarisation  after 
implantation;  Fig.  1  has  been  fitted  with  a  single 
exponential  decay.  States  not  involved  in  relaxation 
processes  contribute  a  constant  component.  The  oscilla¬ 
tory  term  in  Fig.  1  is  due  to  particular  transitions  within 
one  of  the  muonium  species,  and  can  be  fitted  with  a 
sinusoidal  term  whose  amplitude  decreases  with  time. 
All  of  the  longitudinal  field  data  in  the  current  paper 
have  been  fitted  with  a  single  exponential  decay 
(allowing  the  amplitude  and  relaxation  rate  of  the 
component  to  be  extracted)  and  a  constant  component, 
together  with  a  single  oscillatory  term  where  needed. 

3.  Results 

Fig.  2  shows  the  measured  relaxation  rate  in  applied 
longitudinal  field  as  a  function  of  temperature  for  the 
Cz-Si,  Cz-Sio.9iGe0.o9  and  Fz-Si  samples.  For  the  <1  1  1) 
Cz-Si  and  Fz-Si  samples,  the  applied  field  was  525  G. 
This  field  was  chosen  to  allow  oscillations  caused  by  the 
avoidance  of  a  level  crossing  in  the  MuBC  energy  levels, 
in  MuBc  species  with  symmetry  axis  parallel  to  the 
applied  field  diagram,  to  be  observed;  these  can  be  seen 
in  Fig.  1.  Longitudinal  field  measurements  at  525  G 
therefore  allowed  a  very  direct  way  of  monitoring  the 
behaviour  of  Mubc  as  a  function  of  temperature.  For 
the  Cz-Sio.9iGe0.o9  sample,  the  applied  field  was  100G. 
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Fig.  2.  Longitudinal  field  relaxation  rate  as  a  function  of 
temperature  from  the  Cz-Si  and  Fz-Si  samples  (both  525  Ci 
longitudinal  field)  and  the  Cz-Si,  vGev  alloy  material  (I00G 
field). 

The  float  zone  silicon  shows  a  small  relaxation 
between  10  K  and  30  K  of  about  0.3  ps  the  rate  stays 
low  until  above  100  K.  The  Cz-Si  shows  a  similar 
behaviour  below  about  17K.  but  then  exhibits  a  very 
strong  relaxation  rising  to  a  peak  of  2-3  ps  1  at  40  K. 
Measurements  as  a  function  of  applied  field  show  the 
relaxing  species  to  be  MuT;  this  is  confirmed  by  the  fact 
that  the  Mu^c  longitudinal  field  oscillations  show  little 
change  over  the  temperature  range  shown  in  Fig.  2. 
Shown  also  in  Fig.  2  is  the  relaxation  rate  from  the  Cz- 
Sio.y|Ge(, .09  sample.  This  also  exhibits  a  significant  peak 
at  around  40  K,  again  from  the  Mu,  species.  The 
amplitudes  of  the  relaxing  components  in  the  Cz-Si  and 
Cz-Si„mGeo(,9  samples  show  peaks  at  around  30  K 
before  falling  to  low  values  above  40  K. 

Transverse  field  measurements  can  reveal  the  beha¬ 
viour  of  promptly  formed  diamagnetic  species  either 
p  or  p  — although  delayed  diamagnetic  formation 
(for  example,  resulting  from  conversion  of  a  paramag¬ 
netic  species)  is  not  seen  in  transverse  data.  Fig.  3  shows 
the  transverse  field  amplitudes  for  the  three  samples  as  a 
function  of  temperature.  Over  the  whole  temperature 
region  of  Fig.  2  there  is  no  significant  increase  in  the 
prompt  diamagnetic  fractions  in  any  of  the  samples.  The 
rise  shown  by  all  three  above  200  K  is  the  result  of  Mu  un¬ 
ionisation. 

Delayed  formation  of  muon  states  can  be  seen  using 
radio-frequency  pSR.  RF-pSR  involves  application  of  a 
static,  longitudinal  field  to  the  sample,  together  with  an 
RF  pulse  applied  for  the  duration  of  data  taking. 
Depolarisation  is  observed  as  the  static  field  is  swept 
through  the  resonance  condition  -in  the  case  described 
here,  the  signal  from  diamagnetic  muons  has  been 
measured.  Fig.  4  shows  the  RF  diamagnetic  amplitude 
as  a  function  of  temperature  for  the  three  samples.  At 


Fig.  3.  Transverse  field  diamagnetic  fractions  as  a  function  of 
temperature  from  the  Cz-Si  and  Fz-Si  samples  (20  G  transverse 
field  used)  and  Si,  AGcA  alloy  material  (80 G  field  used). 


Fig.  4.  Radio-frequency  pSR  diamagnetic  fractions  as  a  func¬ 
tion  of  temperature  from  the  Cz-Si.  Fz-Si  and  Si,  vGex  alloy 
materials. 

low  temperatures,  below  100  K,  there  is  no  change  in  the 
signal  from  the  Fz-Si;  above  100  K.  Mu,JC  ionisation  to 
a  diamagnetic  state  is  observed.  In  the  two  Cz  samples,  a 
significant  increase  in  the  diamagnetic  signal  is  observed, 
starting  at  around  50  K.  The  diamagnetic  species 
observed  cannot  be  formed  promptly,  as  it  would 
appear  in  the  transverse  field  data  of  Fig.  3  if  so. 


4.  Discussion 

The  results  described  above  reveal  a  MuT  behaviour 
seen  in  the  Cz  samples  that  is  not  observed  in  the  Fz-Si. 
The  strong  Mu,  relaxation  seen  at  around  40  K. 
immediately  followed  by  a  rise  in  the  RF  diamagnetic 
amplitude,  together  with  the  transverse  field  diamagnetic 
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signal  showing  no  change,  all  point  to  the  mobile  MuT 
species  being  involved  in  a  process  which  initially  leads 
to  its  relaxation,  then  to  its  conversion  to  a  diamagnetic 
species.  Whilst  the  temperature  regime  of  this  behaviour 
is  around  the  region  of  donor  ionisation,  the  carrier 
concentrations  of  the  Cz-Si  and  Fz-Si  are  similar,  so  that 
such  different  behaviour  between  the  samples  based  on 
donor  behaviour  would  be  surprising.  The  MuBC  species 
in  the  Cz-Si  is  unaffected  over  the  whole  temperature 
range  of  Fig.  2  since  no  changes  are  observed  in  its 
longitudinal  field  precession  signal.  The  visibility  of  this 
MuBc  oscillation  signal  and  the  fact  that  it  shows  no 
temperature  dependence  is  evidence  that  free  carriers  are 
not  producing  any  spin-exchange  relaxation,  as  would 
be  seen  at  higher  n-type  doping  levels.  It  seems  likely 
that  the  MuT  relaxation  seen  in  the  Cz  samples  is  caused 
by  interactions  with  oxygen  impurity  in  this  material; 
this  would  explain  its  absence  in  the  Fz-Si.  Previous 
authors  [5,6]  have  reported  the  association  of  a  bond 
centred  Mu  or  H  species  with  bond  centred  oxygen  in  Si. 
It  is  possible  that  the  presence  of  oxygen  facilitates  the 
site  change  of  muonium  between  the  tetrahedral  cage 
centres  and  the  bond  centres.  The  resultant  modulation 
of  hyperfine  parameters  in  the  course  of  diffusion  is  then 
the  cause  of  the  enhanced  spin  relaxation  or  depolarisa¬ 
tion.  A  reduction  in  ionisation  energy  for  bond  centred 
muonium  at  these  extrinsic  sites,  i.e.  at  the  centre  of  a 
pre-stretched  Si-Si  bond,  would  then  lead  to  the  delayed 
formation  of  a  diamagnetic  species  as  seen  in  the 
RF  data. 


This  paper  is  also  the  first  time  the  muon  response  in  a 
Sii_AGeA  alloy  has  been  reported.  A  more  detailed 
analysis  of  the  dealing  specifically  with  the  Sio.91Geo.09 
alloy  material  and  with  other  alloy  compositions  will  be 
presented  in  a  future  paper.  In  particular,  whilst  the 
transverse  field  diamagnetic  plot  (Fig.  3)  suggests  that 
the  ionisation  temperature  for  MuBc  in  the  alloy 
material  is  relatively  unaffected  by  the  presence  of  9% 
Ge,  the  RF  diamagnetic  behaviour  for  the  alloy  material 
shown  in  Fig.  4  is  more  complex  in  the  100-200  K  region 
than  in  the  Cz-Si  and  Fz-Si  material  and  requires  further 
investigation. 
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Abstract 

It  has  been  shown  that  during  irradiation,  the  V2  and  V2Ge  centers  are  formed  and  the  absorption  band  that  peaked 
at  about  5560  cm  1  in  as-irradiated  Si  j  vGev  samples  is  the  superposition  of  two  bands  corresponding  to  the  absorption 
by  the  V2  and  V:Ge  centers.  The  contribution  of  the  V2  component  to  the  absorption  band  in  as-irradiated  samples 
increases  as  the  germanium  content  increases.  A  thermostability  of  the  V2Ge  centers  is  shown  to  be  essentially  higher 
than  the  one  of  the  divacancy  in  silicon  and  increases  with  the  germanium  content,  (o  2001  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

It  is  known  that  the  doping  of  semiconductors  with 
isovalent  impurities  (IVI)  can  be  employed  to  control 
defect-impurity  interaction  processes,  which  occur  both 
during  growth  and  under  various  external  actions. 
Depending  on  the  ratio  of  the  covalent  radii  of  the  IVI 
and  matrix  atoms,  they  can  suppress  or  enhance  the 
effects  associated  with  vacancies  (V)  or  with  interstitials 
(I)  and  change  the  reaction  channels  that  are  character¬ 
istic  of  Si.  For  example,  the  carbon  in  the  Si  interacts 
effectively  with  the  I  at  irradiation  and  forms  numerous 
defects  of  the  I-type.  The  Ge  and  Sn  influence  the 
reactions  involving  the  V.  Earlier,  we  showed  that  a 
localization  of  the  vacancy + oxygen  (VO)  centers  near 
the  Ge  atom  in  the  Si  takes  place  [1].  In  this  paper,  we 
report  new  data  on  the  interaction  of  the  divacancies 
with  the  Ge  atoms  in  the  Sij_.vGeY. 

The  divacancy  (V2)  is  known  to  be  one  of  the  main 
radiation  defects  both  in  single  crystals  and  in  thin  layers 
of  Si  and  Sij_  vGeiV.  It  may  be  formed  either  as  a  primary 
radiation  defect  during  irradiation  or  as  a  secondary 
defect  as  a  result  of  the  interaction  of  vacancies  that 
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occurred  during  their  thermally  activated  migration.  The 
properties  of  the  V2  in  the  Si  have  been  studied  widely. 
The  V2  in  the  Si  is  known  to  be  in  four  charge  states, 
namely  V2  ,  V2,  V2,  and  V2  [2-6].  Three  absorption 
bands  peaked  at  about  2500,  2760.  and  5560  cm  1 
correspond  to  the  states  V2 ,  V2  ,  and  V2,  respectively. 
There  are  some  papers  on  the  V2  in  the  Si|_vGe.v  solid 
solution.  In  Ref.  [7],  the  V?  in  polycrystalline  Si]_vGe.v 
irradiated  with  neutrons  and  protons  have  been  studied. 
It  was  found  that,  as  the  Ge  concentration  is  increased, 
the  5560  cm  1  absorption  band  shifts  to  the  low 
frequency  side  and  this  shift  is  supposed  to  correlate 
with  the  composition-related  change  in  the  lattice 
parameter.  The  authors  also  had  marked  the  rise  of 
the  thermal  stability  of  the  V2  in  the  Si-rich  solid 
solutions  and  the  decrease  of  the  thermal  stability  in  the 
Ge-rich  samples.  But  in  Refs.  [8,9],  in  investigations  of 
Si]  vGe.v  thin  layers,  it  was  shown  that  the  thermal 
stability  of  the  V2  is  not  affected  by  variations  in  the 
composition  of  the  Si|...vGev. 

To  the  present  day,  the  properties  of  the  V2  in 
the  Si  |  vGe v  single  crystals  have  been  studied  at 
Ge  content  less  than  lat%.  Here,  we  report  new 
data  on  the  peculiarities  of  the  V2  formation  (estima¬ 
ted  on  the  5560cm  A  (V?)  absorption  band)  in  the 
Si  i  . vGev  single  crystals  with  the  Ge  content  as  high  as 
15  at%. 
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2.  Experimental  results  and  discussion 

The  samples  of  boron-doped  Sii_AGeA  single  crystals 
grown  by  the  Czochralski  method  in  the  Institute  of 
Crystal  Growth  (Berlin,  Germany)  [10,11]  were  investi¬ 
gated.  The  oxygen  and  carbon  contents  determined 
using  infrared  absorption  lines  1107  and  604  cm-1  were 
(7-9)  x  1017  and  (2-3)  x  1016cm-3,  respectively.  The 
Ge  content  was  measured  using  the  X-ray  microanalyzer 
JCXA-733  and  varied  from  2  to  15at%.  To  analyze  the 
peculiarities  of  the  Ge  influence  the  properties  of  the  V2 
the  samples  of  Si  that  did  not  contain  Ge  and  whose 
parameters  were  close  to  those  of  the  Sif_.YGeA  were 
investigated. 

The  samples  were  irradiated  by  fast  electrons  with  the 
energy  4  MeV  at  temperatures  of  about  300  and  90  K  for 
doses  (3.5-6)  x  1017ecm-2.  The  samples  were  investi¬ 
gated  just  after  irradiation  and  after  following  isochro¬ 
nous  annealing  ( t  =  20  min)  in  the  temperature  range 
100^400°C.  The  processes  of  the  formation  and  anneal¬ 
ing  of  the  divacancies  (V2  and  V2+)  and  their  dependence 
on  the  Ge  content  were  studied  by  infrared  Fourier 
spectroscopy. 

The  absorption  spectra  obtained  for  the  samples 
irradiated  at  T  »300K  with  a  dose  Fe«  5  x  1017  ecm-2 
are  shown  in  Fig.  la,  and  the  dependence  of  the  band 
maximum  position  on  the  Ge  content  in  Fig.  lb.  As  can 
be  seen,  a  gradual  shift  of  the  V2  absorption  band 
towards  low  frequencies  was  observed  at  the  increase  of 
Ge  content  in  the  samples.  The  estimations  of  the  V2 
concentrations  from  the  intensity  of  the  5560  cm-1  band 
have  shown  that  there  is  no  noticeable  influence  of 
the  Ge  content  on  the  efficiency  of  the  V2  formation. 
Note  that  previously,  we  have  observed  the  decrease  in 
the  formation  efficiency  of  the  VO  centers  in  these 
crystals  [I]. 

Interesting  features  in  the  behavior  of  the  V2 
absorption  band  were  observed  in  the  samples  subjected 
to  isochronous  annealing.  The  results  obtained  for  the 
crystals  with  the  Ge  content  3.5  at%  are  shown  in 
Fig.  2a.  One  can  see  that  in  the  temperature  range  1 50- 
240°C,  the  high  frequency  wing  of  the  absorption  band 
anneals  out,  the  maximum  of  the  band  shifts  gradually 
to  the  lower  frequency  side,  and  the  intensity  of  the  band 
somewhat  rises  (Fig.  2a,  curve  3  or  V2).  These  changes 
are  observed  in  the  same  range  of  the  annealing 
temperatures  for  all  concentrations  of  the  Ge  used  in 
the  investigations.  However,  it  should  be  noted  that  the 
shift  of  the  absorption  band  on  annealing  decreases  as 
the  Ge  content  increases  (Fig.  2b).  In  the  reference  Si 
samples,  a  larger  part  of  the  V2  are  annealed  out  in  the 
temperature  range  of  150-240°C  (Fig.  3,  curve  1)  with 
the  synchronous  formation  of  additional  VO  centers. 
For  all  investigated  Sij_AGev  samples  no  changes  in  the 
VO  absorption  region  were  observed  after  annealing  in 
the  temperature  range  150-240°C. 


Fig.  1.  The  absorption  spectra  near  5560  cm-1  for  the  Si  and 
Sii_A-Ge.v  measured  at  300  K  (a)  and  dependence  of  the  band 
maximum  position  on  the  Ge  content  in  the  Sii_A-GeA  (b). 
Fc&5  x  10l7ecm-2.  NGc  (at%)  for  (a):  1—0;  2—3.5,  and 
3—11.5. 


For  higher  annealing  temperature  (r>240°C),  the 
intensity  of  the  absorption  band  V2  at  first  does  not 
change  but  later  decreases  gradually  as  a  whole  without 
any  change  in  the  maximum  position  (Fig.  2a,  curves 
4-7).  The  annealing  behavior  of  the  V2  band  for  the 
samples  under  investigation  is  shown  in  Fig.  3  (curves 
2-5).  As  can  be  seen  from  Fig.  3,  the  annealing 
temperature  of  the  V2  is  higher  than  the  one  of  the 
V2  in  Si  and  increases  with  increasing  Ge  content  in 
the  samples.  These  observations  do  not  correlate 
with  the  results  obtained  by  DLTS  in  Refs.  [8,9], 
where  it  was  shown  that  the  thermal  stability  of  the 
divacancies  does  not  depend  on  the  composition  of 
the  samples. 

The  V2  are  known  to  diffuse  over  the  Si  lattice  during 
the  annealing  until  they  are  trapped  by  the  sinks. 
The  diffusing  V2  effectively  interact  with  the  impurities 
with  a  formation  of  the  complexes  [1,12-14].  The 
observed  features  of  the  transformations  of  the  band 
that  peaked  at  about  5560  cm-1  on  annealing  of 
Sii_YGe.v  in  the  range  of  150-240°C  (the  annealing 
of  the  high  frequency  wing  of  the  absorption  band, 
shift  of  the  band  maximum  position,  increase  in  the 
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Fig.  2.  The  behavior  of  the  absorption  band  near  5560  cm  1 
during  annealing  of  irradiated  Sio.wjGc,,.^  (a)  and  dependence 
of  the  band  shift  on  the  Gc  content  in  the  Si]  vGev  (b).  Tann 

(  C)  for  (a):  1 — before  annealing;  2 — 180;  3  —  240;  4 . -310; 

5 — 320;  6—330.  and  7—335. 


T°C 


Fig.  3.  The  relative  change  in  the  intensity  (7//0)  of  the 
absorption  bands  V?  in  the  Si  (I)  and  the  Vo  in  the 
Si]  vGev(2-5)  at  annealing.  Ar(k.  (at%):  2 — 3.5;  3—6.5; 
4—8.5.  and  5—11.5. 


intensity  and  the  absence  of  the  negative  annealing 
stage  of  the  VO  centers)  enable  one  to  suggest  that  the 
observed  V2  can  be  tentatively  assigned  to  a  new  defect. 
Taking  into  account  the  fact  that  the  Ge  content  in 
the  samples  under  investigation  is  much  larger  than  the 
concentration  of  all  possible  sinks  one  can  assume 
that  the  diffusing  V2  interact  with  the  Ge  atoms  and 
form  V2Ge  centers.  As  a  result,  V2  absorption  band 
appears. 


The  decomposition  of  the  absorption  band  that 
peaked  at  about  5560cm  1  in  as-irradiated  Si|_.vGev 
samples  shows  that  it  is  complicated  and  consists  of  two 
bands.  One  of  the  bands  corresponds  to  the  V2  while 
another  one  corresponds  to  the  V2  centers  detected.  The 
contribution  of  the  V2  component  to  the  absorption 
band  increases  as  the  Ge  content  increases,  and  at  the 
Ge  concentration  about  15at%.  the  contribution  of  the 
V?  in  the  band  peaked  at  about  5560  cm”1  is  very  small. 
This  is  probably  the  reason  for  the  diminishing  of  the 
absorption  band  shift  at  annealing  in  the  temperature 
range  150-240  C  with  the  increasing  Ge  content  in  the 
samples  (Fig.  2b).  Thus,  the  facts  obtained  testify  that 
the  V2  are  formed  during  the  irradiation  also.  Since  the 
Ge  atoms  are  the  effective  sinks  for  vacancies,  the  latter 
move  towards  the  Ge  atoms  during  irradiation  and, 
evidently,  associate  with  them  into  V2Ge. 

To  confirm  the  complex  structure  of  the  absorption 
band  that  peaked  in  the  vicinity  of  5560  cm"1  in 
as-irradiated  Si|.  vGev,  we  have  studied  the  samples 
irradiated  at  T ^ 90  K.  At  such  irradiation  temperatures, 
it  is  known  that  the  GeV  centers  are  effectively  formed 
and  almost  all  vacancies  are  captured  by  the  Ge 
atoms.  The  last  factor  influences  the  formation  rate 
of  secondary  V-related  defects  [15].  Fig.  4  shows  the 
obtained  spectra  (measured  at  T  =  4.2  K)  for  Si  and 
Sio.y65Geo.n35  irradiated  with  a  dose  of  6  x  10l7ecm“  2 
at  7^90K.  As  can  be  seen,  the  band  at  ~ 835 cm"1, 
corresponding  to  the  VO  centers  is  not  observed  in  as- 
irradiated  Si„  yosGeo  035  samples.  However,  any  Ge 
noticeably  influence  absorption  band  that  peaked  at 
about  5560  cm  1  is  not  observed,  although  the  efficiency 
of  the  secondary  V2  formation  due  to  the  vacancy- 
vacancy  interactions  in  the  CZ  material  is  known  to 
be  lower  than  the  efficiency  of  the  VO  formation  at 
the  energies  and  irradiation  doses  under  investigation. 
Moreover,  due  to  the  high  Ge  content,  the  efficiency 


Fig.  4.  The  absorption  spectra  of  the  Si  (2)  and  the  S„.gf,5Gen.n^ 
(1)  irradiated  at  T^90K  at  a  dose  of  6  x  10,7ecm  2. 
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of  the  GeV  centers  formation  is  essentially  larger  than 
that  for  the  secondary  VO  and  V2  centers.  Thus,  the 
influence  of  the  Ge  formation  on  the  V2  should  be 
observed. 

In  the  last  experiment,  we  had  the  possibility  of  study 
the  two  charge  states  V?  and  V2+  (absorption  band  near 
2760  cm- 1  and  its  phonon-assisted  high-energy  satellite 
in  Fig.  4)  simultaneously.  As  it  is  seen  from  Fig.  4,  the 
V2+  absorption  band  in  the  Si0.965Ge0.035  is  shifted  at 
~20cm-1  to  low  frequencies  as  compared  to  the  Si 
(note,  that  the  5560cm-1  band  shifts  by  ~  100cm-1), 
some  broaden,  and  the  intensity  of  this  band  is  lower 
than  in  the  Si.  A  comparison  of  the  areas  under  the 
curves  shows  that  the  concentration  of  the  divacancies 
decreases  in  the  Sii_vGe.v  as  compared  to  the  Si.  As  it 
has  already  been  mentioned  above,  this  decrease  should 
be  observed  at  low-temperature  irradiation.  Then  we 
have  carried  out  an  isochronal  annealing  of  samples  and 
found  that  the  annealing  of  the  related  absorption 
bands  in  the  Sii_.YGeT  is  similar  to  that  in  the  Si.  This 
band  disappears  in  the  temperature  range  of  180-260°C. 
This  correlates  with  the  results  reported  in  Refs.  [8,9]. 
All  these  obtained  facts  confirm  our  suggestion  that  the 
origin  of  the  band  that  peaked  at  about  5560  cm-1  band 
is  a  complex  one. 

Thus,  the  experimental  data  obtained  prove  that  the 
V2  characteristic  for  the  Si  and  complexes  of  the  V2  with 
the  Ge  atoms  (V2Ge)  are  formed  in  the  Sii_YGeY  single 
crystals  during  irradiation.  The  absorption  band  peaked 
at  about  5560cm-1  in  as-irradiated  Sii_YGe.Y  is  the 
superposition  of  two  bands  corresponding  to  absorption 
by  these  two  centers.  Note  that  the  formation  of  the 
V2Ge  during  irradiation  is,  probably,  one  of  the  reasons 
for  the  suppression  of  the  VO  formation  efficiency 
observed  earlier  [1]. 
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Abstract 

High  resolution  Laplace  minority  carrier  transient  spectroscopy  (LMCTS)  has  been  used  to  study  defects  in  gas 
source  molecular  beam  epitaxy  grown  Si/Sio.sssGeo.u?  strained  quantum  wells.  In  LMCTS,  the  minority  carrier 
emission  transient  is  analysed  and  detailed  emission  properties  of  minority  carrier  traps  which  have  similar  energy  can 
be  characterised.  The  technique  was  evaluated  by  comparing  LMCTS  of  a  Au :  H  hole  trap,  G3,  in  n-type  silicon  with 
Laplace  deep  level  transient  spectroscopy  of  the  same  trap  in  p-type  silicon.  Both  techniques  confirm  that  this  level 
consists  of  two  states,  as  previously  suggested  in  the  literature.  MCTS  was  then  applied  to  the  n-type  Si/SiGe  quantum 
well  sample,  and  five-hole  traps  were  observed.  A  level  at  95  K  in  the  MCTS  spectrum  was  identified  as  a  possible 
candidate  for  hole  emission  from  the  quantum  wells.  LMCTS  showed  that  the  emission  rate  of  this  hole  trap  exhibited 
only  a  slight  temperature  dependence  compared  to  that  exhibited  by  hole  states  associated  with  isolated  point 
defects.  This  is  attributed  to  holes  tunnelling  out  of  the  quantum  well  assisted  by  the  electric  field  present  in  the 
experiment.  (C  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  73.29.Dx;  73.40.Gk 

Keywords:  Laplace  MCTS:  SiGe;  Quantum  wells 


1.  Introduction 

Deep  level  transient  spectroscopy  (DLTS)  is  a 
commonly  used  technique  to  characterise  the  electrical 
activity  of  defects  in  semiconductors  [1].  It  yields  a 
universal  signature  of  the  enthalpy  of  deep  levels,  but 
has  some  drawbacks.  Only  defect  states  in  one  half  of 
the  band  gap  can  be  easily  characterised,  and  closely 
spaced  energy  levels  are  not  resolvable  because  of  the 
poor  time  constant  resolution;  both  these  problems  have 
been  addressed  in  recent  years.  To  characterise  deep 
states  throughout  the  whole  band  gap,  a  complementary 
technique,  minority  carrier  transient  spectroscopy 
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(MCTS)  [2]  was  developed,  in  which  thermally  stimu¬ 
lated  minority  carrier  emission  is  measured  and  pro¬ 
cessed  in  the  same  way  as  DLTS.  As  an  example  of  its 
use,  it  was  reported  [3]  that  Au :  H  complexes  in  silicon 
produce  four  deep  levels,  two  in  the  upper  half  of  the 
band  gap  and  two  in  the  lower,  established  by  examining 
n-  and  p-type  silicon  [3].  The  application  of  MCTS 
meant  that  all  four  new  levels  were  observed  in  n-type  Si 
[4].  MCTS  can  also  be  used  to  measure  activation 
energies  and  capture  cross  sections,  and  can  be 
combined  with  DLTS  to  examine  carrier  dynamics  at 
recombination  centres  [5]  but  is  difficult  to  use  for  depth 
profiling  [6]. 

The  problem  of  closely  spaced  levels  has  been 
addressed  by  the  development  of  algorithms  for  analys¬ 
ing  the  components  in  the  capacitance  transient  [7,8], 
and  these  have  been  used  with  considerable  success  to 
resolve  some  long  standing  defect  problems  in  silicon 
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[9-16].  This  technique  is  termed  Laplace  DLTS 
(LDLTS)  and  produces  an  output  of  intensity  as  a 
function  of  emission  rate. 

In  this  paper,  we  report  on  application  of  the  same 
algorithms  to  minority  carrier  emission  transients,  which 
we  call  Laplace  MCTS  (LMCTS).  The  technique  is 
verified  by  applying  it  to  minority  carrier  traps  in  n-type 
Si  containing  Au:H  complexes.  Earlier  work  had 
suggested  that  one  of  the  Au :  H  states,  G3,  consisted 
of  two  closely  spaced  levels  [3,4],  based  on  detailed 
capture  cross-section  measurements  [4].  G3  is  a  hole 
trap,  therefore  we  have  compared  LMCTS  of  this  trap  in 
n-type  Si  with  LDLTS  of  the  trap  in  p-type  Si.  We  have 
then  applied  the  technique  for  the  examination  of  hole 
emission  from  strained  Si/SiGe/Si  quantum  wells 
(QWs).  The  majority  of  the  band  offset  is  in  the  valence 
band  [17]  and  we  have  used  MCTS  and  LMCTS  to 
detect  thermally  stimulated  hole  emission  from  the  wells. 
The  results  are  compared  with  PL  quenching  experi¬ 
ments  which  yield  the  hole  confinement  energy. 


2.  Experimental 

The  samples  containing  Au :  H  complexes  were  either 
n-type  CZ  Si  doped  with  2  x  1015cm-3  phosphorus  or 
p-type  Si  doped  with  2xl015cm~3  boron.  The  gold 
diffusion  and  introduction  of  hydrogen  (by  wet  chemical 
etching),  is  described  elsewhere  [4].  Gold  Schottky 
diodes  were  evaporated  onto  the  n-type  Si,  and  titanium 
Schottky  diodes  were  sputtered  onto  the  p-type  Si.  The 
SiGe/Si  QW  structure  was  grown  by  gas  source 
molecular  beam  epitaxy  and  consisted  of  10  strained 
Sio.sssGeo.  145/Si  QWs  grown  on  a  Si  substrate.  The  Si 
cap  layer  was  199.8  nm,  the  wells  were  5.7  nm  thick,  the 
barriers  were  55  nm  thick,  and  the  layer  was  n-type 
because  of  a  residual  phosphorus  level  of  about 
1  x  10,6cm-3. 

For  the  MCTS  and  LMCTS  measurements,  thin 
(20  nm)  Au  diodes  were  evaporated.  Electrical  measure¬ 
ments  were  carried  out  in  a  closed  cycle  cryostat  between 
temperatures  of  300  and  20  K.  In  MCTS,  above  band 
gap  light  is  incident  on  the  semitransparent  Schottky 
diode,  and  creates  electron-hole  pairs.  The  wavelength 
of  the  light  ensures  that  the  extinction  depth  is  greater 
than  the  depletion  region  width.  Majority  carriers  are 
rejected  from  the  depletion  region,  and  it  is  predomi¬ 
nantly  minority  carriers  that  are  available  for  capture  in 
the  region.  In  the  LMCTS  experiment,  the  capacitance 
transient  due  to  minority  carrier  emission  was  recorded 
up  to  10,000  times  at  a  fixed  temperature  in  a  high 
stability  cryostat.  For  the  photoluminescence  (PL) 
measurements,  the  sample  was  attached  to  a  cold  finger 
inside  a  closed  cycle  cryostat  and  excited  by  using  the 
514.2nm  line  of  an  argon  ion  laser.  The  signal  was 


detected  using  a  liquid  nitrogen  cooled  Ge  detector  and 
analysed  by  conventional  lock-in  techniques. 


3.  Results  and  discussion 

When  silicon  containing  Au :  H  complexes  was 
characterised  by  DLTS  and  MCTS  (not  shown)  the 
expected  traps  G1-G4  [3]  due  to  Au :  H  complexes,  and 
the  Au  acceptor  and  donor  states  were  observed.  In 
earlier  work  [3,4],  it  was  noted  that  G3,  at  Ev  +  0.47  eV, 
exhibited  different  behaviour  from  the  levels  Gl,  G2  and 
G4.  The  annealing  behaviour  was  different  [3]  and  it 
exhibited  a  two-stage  capture  process  [4].  The  existence 
of  two  closely  spaced  levels  in  G3  is  confirmed  here  by 
carrying  out  LDLTS  and  LMCTS.  Fig.  1(a)  shows 
LMCTS  carried  out  at  225  K  and  Fig.  1(b)  shows  the 
LDLTS  recorded  at  the  same  temperature  in  p-type  Si. 
In  both  spectra  two  emission  rates  are  observed.  The 
relative  intensities  of  the  two  emission  rates  are  different 
between  the  n-  and  p-type  samples,  but  this  may  reflect 
the  differences  observed  and  reported  previously  regard¬ 
ing  G3  when  it  is  in  n-  or  p-type  Si.  These  spectra 
confirm  that  LMCTS  yields  the  same  information  at 
LDLTS. 

Turning  to  the  strained  QW  layer,  PL  at  5  K 
layer  showed  very  clear  zero  phonon,  transverse 
optical  and  transverse  acoustic  phonon  peaks  [18,19]. 
The  hole  confinement  energy  can  be  found  by  examining 
the  PL  quenching  as  a  function  of  temperature  [20]. 
This  yielded  an  activation  energy  for  thermal  emission 
out  of  the  wells  of  llOmeV,  which  is  the  depth  above 
the  Si  valence  band  of  the  n  =  1  heavy  hole  confined 
state. 
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Fig.  1.  (a)  LMCTS  carried  out  at  225  K  of  the  trap  G3 
associated  with  Au:H  complexes  in  n-type  silicon,  and  (b) 
LDLTS  of  the  same  defect  recorded  at  the  same  temperature  in 
p-type  Si. 
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In  MCTS  and  LMCTS,  the  QWs  capture  holes  during 
the  fill  pulse,  the  fill  pulse  creates  a  photocurrent 
through  the  diode,  and  the  hole  quasi-Fermi  level  varies 
with  photon  flux  [6].  The  calculation  is  further 
complicated  by  the  presence  of  the  QWs,  because  the 
quasi-Fermi  level  in  them  will  depend  upon  the  fraction 
of  injected  holes  that  are  captured  and  reside  in  the 
wells.  Difficulties  in  the  calculation  of  the  emission  rates 
can  easily  be  overcome  if  a  few  simple  assumptions  are 
made  [21].  It  can  be  assumed  that  all  captured  carriers 
will  reside  in  the  lowest  confined  energy  state.  This 
means  that  the  experimental  conditions  are  the  same  as 
during  the  PL  experiment.  It  can  also  be  assumed  that 
the  quasi-Fermi  level  in  the  QWs  lies  several  kT  above 
the  confined  heavy  hole  state,  and  will  not  affect  the 
carrier  dynamics  during  the  emission  process  [22]. 
Hence,  the  emission  rate  for  the  holes  out  of  the 
wells  depends  only  upon  the  difference  between  the 
confined  hole  state  energy  and  the  valence  band  in  the  Si 
barrier. 

It  has  been  reported  that  at  low  temperatures 
(j^IOOK)  and  relatively  modest  electric  fields, 
>30 kVcm  a  plateau  can  be  observed  in  the  DLTS 
due  to  a  constant  emission  rate  of  carriers  out  of  QWs. 
This  is  attributed  to  tunnelling  through  a  triangular 
potential  barrier  between  the  QW  and  the  relevant 
carrier  band  [22].  Fig.  2  shows  the  MCTS  spectrum  of 
the  Si/SiGe  QW,  in  two  halves  for  clarity.  As  an  example 
of  a  point  defect  in  this  system.  Fig.  3  shows  the  LMCTS 
spectra  measured  between  30  and  38  K.  and  shows  that 
tw?o  emission  rates  are  present.  An  Arrhenius  plot  of 
these  two  states,  taken  from  the  LDLTS  data,  yields 
activation  energies  of  50  ±3  and  35±3meV.  Both 
defects  exhibit  exponential  filling,  hence  can  be  attrib¬ 
uted  to  point  defects.  No  Poole-Frenkel  effect  w'as 
observed. 

The  broad  feature  in  Fig.  2  between  85  and  100  K  is  a 
strong  candidate  for  the  QW  signal.  The  feature  is 


temp  (K) 


Fig.  2.  MCTS  spectrum  of  the  Sio.^Gc,, ,45/Si  MQW  sample, 
spectrum  in  two  halves  for  clarity,  at  a  rate  window  of  200  s  l. 
The  feature  proposed  to  be  due  to  hole  tunnelling  out  of  the 
wells  is  indicated. 


almost  plateau-like,  in  accordance  with  Ref.  [22], 
and  no  other  features  in  the  MCTS  spectrum  have 
an  activation  energy  of  HOmeV.  Fig.  4  shows  the 
emission  rate  of  this  deep  state  between  100  and 
1 12.3  K,  and  it  is  nearly  constant.  The  best  fit  of  the 
emission  rate  to  temperature  was  by  assuming  a  square 
root  dependence  upon  the  temperature,  rather  than  a 
Boltzmann  relationship.  Other  defects  in  the  LMCTS 
spectrum  of  this  sample  do  not  exhibit  this  behaviour, 
and  we  therefore  conclude  that  we  are  observing  direct 
evidence  of  holes  tunnelling  out  of  SiGe  QWs  into  the 
cladding  layers. 


Fig.  3.  Shows  the  LMCTS  spectra  of  the  Si(1  .s.„Ge„ .U5/Si 
MQW  sample  measured  between  30  and  38  K. 


Fig.  4.  LMCTS  of  the  QW-rclatcd  state,  showing  the  nearly 
constant  emission  rate  between  100  and  1 12.3  K. 
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4.  Conclusions 

A  technique  which  uses  the  same  analytical  approach 
to  the  capacitance  transient  as  LDLTS  but  examines  the 
detailed  emission  properties  of  minority  carrier  traps, 
LMCTS,  has  been  described.  In  LMCTS,  minority 
carriers  are  injected  into  a  depletion  region  by  the 
application  of  a  light  pulse  of  suitable  wavelength. 
LDLTS  and  LMCTS  are  complementary  because  traps 
in  the  whole  of  the  band  gap  can  be  accessed  in 
semiconductors  of  one  polarity.  To  verify  the  technique, 
LMCTS  in  n-type  Si  containing  Au :  H  complexes  was 
compared  to  LDLTS  of  p-type  Si  containing  the  same 
complexes,  and  found  to  yield  the  same  results.  The 
LMCTS  technique  was  then  applied  to  n-type  Si  which 
contains  10  Si0.855Ge0.i45  strained  QWs.  Several  hole 
traps  were  observed,  but  it  was  possible  to  identify  a 
candidate  for  hole  emission  out  of  the  QWs.  When 
examined  by  LMCTS  over  a  temperature  range  of 
102-1 16  K,  it  was  found  that  the  emission  rate  for  holes 
out  of  the  QWs  was  only  weakly  dependent  upon 
temperature.  This  indicates  that  this  defect  is  not  point- 
defect-like,  and  it  is  suggested  that  the  nearly  constant 
emission  rate  is  due  to  holes  tunnelling  out  of  the  QW. 
This  is  the  first  direct  observation  of  this  effect,  which  up 
till  now  could  only  be  inferred  from  conventional  DLTS 
spectra. 
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Abstract 

We  have  introduced  S  donors  into  SiGe  alloys  as  probe  atoms  for  a  spectroscopic  investigation  of  the  local 
environment  of  these  donors.  Even  for  low  Ge  content  (.v  =  2.4%),  we  already  observe  strongly  broadened  lines  for  the 
intra-centre  transitions,  whereas  the  onset  of  the  photo-ionisation  stays  at  approximately  the  same  energy,  in  contrast  to 
expectations  from  a  linear  extrapolation  of  the  impurity  level  from  values  of  the  pure  compounds  or  from  deformation 
potentials.  We  thus  conclude  that  the  S  centres  seen  are  located  in  the  neighbourhood  of  significantly  lower  Ge  content 
suggesting  that  Ge  clusters  may  exist  with  much  higher  Ge  content  which,  however,  cannot  be  resolved  in  the  photo¬ 
conductivity  spectia.  This  finding,  together  with  the  observed  line  broadening  demonstrates  strong,  non-statistical 
fluctuations  in  the  alloy  distribution.  >T~  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.66.Dk:  71.55.Ak 
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1.  Introduction 

It  is  quite  common  practice  to  describe  alloys  in  terms 
of  the  so-called  virtual  crystal  (VC)  approximation. 
Within  this  VC  model,  it  is  assumed  that  all  parameters 
of  the  alloy  can  be  interpolated  between  the  values  of  the 
pure  constituents.  There  is,  however,  in  general,  very 
often  a  substantial  mismatch  in  the  bond  length  of  the 
constituents  and  a  tendency  for  phase  segregation  and 
cluster  formation.  As  a  consequence,  there  are  sub¬ 
stantial  fluctuations  of  various  parameters  impairing  the 
quality  of  the  material  with  respect  to  both  its  optical 
and  its  transport  properties.  Proper  characterisation 
methods  are  therefore  needed  in  order  to  find  ways  for 
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optimising  the  material  preparation.  In  this  paper,  we 
investigate  the  homogeneity  of  Si,  vGe.v  alloys  for  low  .v 
values  (.v <  0. 1 )  making  use  of  the  photo-ionisation 
properties  of  chalcogen  donors  which  are  considered 
as  local  probes  for  their  environment. 

We  investigated  the  influence  of  Ge  contents  in  SiGe 
alloys  on  the  highly  localised  states  of  deep  impurities  in 
silicon,  in  particular  sulphur,  using  photothermal 
ionisation  spectroscopy  (PTIS).  Chalcogen  impurities 
in  pure  Si  exhibit  extremely  sharp  lines  in  the  photo¬ 
conductivity  spectra  due  to  intra-centre  transitions  to 
excited  states  in  the  photo-conductivity  spectra  [1].  If 
these  sharp  lines  could  also  be  found  in  the  alloys,  one 
might  be  able  to  observe  “alloy  splitting”  as  it  has  been 
observed,  e.g.  for  the  DX  centres  in  AlGaAs  [2,3].  Due 
to  the  highly  localised  nature  of  the  ground  state  of  the 
DX  centre,  centres  formed  by  substitutional  donors 
exhibit  different  ground  state  energies  depending  on  the 
different  numbers  of  A1  neighbours.  For  a  group  IV 
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donor,  like  SiGa,  there  are  four  possibilities:  it  can  have 
i  =  0, . . . ,  3  Al  neighbours  after  relaxation  and  the  others 
will  be  Ga.  Therefore,  we  expect  a  4-fold  splitting  of  the 
ground  state  which  manifests  itself  in  different  emission 
energies.  Here,  the  excited  states  are  delocalized  and 
thus  they  cause  only  broadening.  The  relative  strength  of 
the  transitions  gives  a  measure  of  the  abundance  of 
centres  with  different  i.  Consequently,  in  principle,  it  is 
possible  to  obtain  information  on  the  statistical  dis¬ 
tribution  of  the  nearest  neighbours. 

For  this  work,  we  chose  high  quality,  dislocation  free 
bulk  crystals  of  Sii_vGe.v  that  show  much  lower  line 
width  in  their  rocking  curves  than  MBE  grown  samples. 
We  could  not  resolve,  however,  the  intra-centre  transi¬ 
tions  even  for  the  lowest  Ge  content  investigated  (2.4%). 
The  photo-ionisation  edge  shows  strong  broadening  but 
no  shift  in  photon  energy.  We  conclude  thus  that  Ge 
clusters  are  formed  and  the  VC  approximation  does  not 
apply  to  SiGe  alloys. 

2.  Experimental 

Sii_.YGe.T  wafers  (bulk  material)  with  low  Ge  content 
(x^O.l)  and  either  p-  (boron)  or  n-type  (phosphorous) 
doping  between  1013  and  1015cm-3  were  additionally 
doped  with  sulphur  (S)  by  means  of  diffusion.  After  the 
usual  cleaning  procedures,  the  samples  were  introduced 
into  the  first  of  two  connected  chambers  of  a  quartz 
ampoule.  In  the  second  part,  a  mixture  of  Si-powder  and 
S  (approx.  100:1)  was  introduced.  After  evacuation  and 
sealing  off,  the  samples  were  put  into  a  furnace  for 
approx.  60  h  at  a  diffusion  temperature  of  1100°C.  In 
order  to  observe  any  line  spectra  due  to  S,  p-type 
starting  material  had  to  be  compensated  which  limits  the 
initial  doping  level  to  less  than  about  1015cm-3  (solid 
solubility  of  sulphur  in  Si). 

Ohmic  contacts  were  obtained  by  rubbing-on  gallium. 
For  the  PTIS  measurements,  the  sample  itself  was  used 
as  detector  in  a  BOMEM  DA8.22  Fourier  spectrometer 
equipped  with  a  Globar  lamp  and  a  KBr  beamsplitter. 


3.  Discussion  and  conclusions 

Typical  PTIS  spectra  are  given  in  Fig.  1  showing  the 
threshold  behaviour  of  the  photo-ionisation  for  both  Si 
and  SiGe  and  there  are  sharp  lines  for  pure  Si  (x  =  0) 
which  are  superimposed  on  the  absorption  edge.  For 
Si :  S,  we  can  clearly  resolve  the  most  prominent  lines 
from  the  intra-centre  transitions;  the  transitions  to  the 
excited  states  1  s(r2),  2p0  and  2p±,  respectively,  are 
labelled  1,  2  and  3  (see  Fig.  1).  For  a  detailed  discussion 
of  these  lines  see  Ref.  [1].  This  spectrum  has  been 
identified  as  that  of  isolated,  substitutional  S°.  For  a  Ge 
concentration  of  2.4%,  the  sharp  lines  are  already 


Energy  (meV) 

Fig.  1 .  Photo  conductivity  spectra  for  Si :  S  (lower  trace)  and 
SiGe:S  with  2.4%  Ge  (middle  trace)  and  5.5%  Ge  (upper 
trace). 


Table  1 

Values  of  -£b  as  a  function  of  Ge  contents  x  for  different 
methods 


Ge 

content  x 

Experiment 

Deformation 

potential 

Linear 

extrapolation 

0 

318  [1] 

318 

318 

0.024 

329 

322.3 

0.055 

341 

328 

0.1 

360 

335.2 

1 

280  [6] 

280 

280 

completely  smeared  out  and  the  ionisation  edge  appears 
broadened.  The  onset  of  the  transitions  into  the 
continuum  appears  to  stay  at  approximately  the  same 
energetic  position  (Fig.  1).  This  holds  for  a  Ge  content 
up  to  10%. 

The  lattice  mismatch  between  silicon  and  germanium 
is  about  4%  and  drastically  alters  the  band  structure  due 
to  the  built-in  strain  in  the  epitaxially  grown  Sii„vGev 
films.  In  bulk  crystals,  strain  will  rather  be  induced 
statistically  around  some  mean  value.  According  to 
Herzog  [4],  the  average  lattice  constant  varies  with  Ge 
content  x  as 

<*av(x)  =  0.002733*2  +  0.01992*  +  0.5431(nm).  (1) 

Using  flav,  one  can  calculate  the  shift  of  the  conduc¬ 
tion  band  minima  at  the  A  -point  using  the  deformation 
potential  for  the  A\  conduction  band  minimum  [5]. 
Assuming  that  the  deep  ground  state  is  hardly  affected 
by  the  change  in  lattice  constant,  we  obtain  a  value  for 
the  shift  of  ED  relative  to  the  A  \  minimum  (see  Table  1). 
Another  method  to  estimate  the  shift  of  the  deep  sulphur 
levels  due  to  increasing  Ge  content  would  be  a  simple 
linear  extrapolation  (Fig.  2)  using  the  experimentally 
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Fig.  2.  Schematic  diagram  of  the  L-  and  /1-conduction  band 
edge  as  a  function  of  .v  in  Si)  vGev  alloys;  in  addition  a  linear 
extrapolation  is  given  for  the  ground  state  level  of  S"  between 
the  values  for  the  pure  Si  [1]  and  Ge  [6].  The  four  dashed  lines 
indicate  the  expected  alloy  splitting. 


determined  values  for  pure  silicon  [1]  and  pure 
germanium  [6]  as  starting  points  which  gives  a  shift  of 
a  =  1.72meV  per%Ge. 

In  this  extrapolation,  we  did  not  take  into  account  the 
known  bending  of  the  conduction  band  edge  [5]. 
Therefore  the  experimental  values  could  be  expected  to 
lie  somewhere  in  between  the  results  of  the  two 
estimations.  A  summary  of  the  energies  for  the  neutral 
sulphur  (S°)  level  in  pure  Si  and  Ge  as  well  as  the 
expected  shifts  according  to  these  two  models  for  the 
various  samples  are  given  in  Table  1.  The  variation  in 
the  treshold  values  derived  from  data  in  Fig.  1  is  much 
smaller,  however.  We  conclude  thus  that  the  S  centres 
seen  are  surrounded  by  a  significantly  lower  Ge  content 
than  suggested  by  the  alloy  concentration. 

Considering  all  of  the  above  and  comparing  it  with 
our  results,  we  conclude  that  the  S  centres  seen  are 
surrounded  by  a  significantly  lower  Ge  content  than 
suggested  by  the  alloy  concentration.  The  fact,  that  we 
are  not  able  to  resolve  single  lines  shows  the  existence  of 
strain  fluctuations.  Using  Eq.  (1)  and  the  result  for  a, 
we  can  estimate  a  lower  limit  for  the  fluctuation 
amplitude  which  is  necessary  to  cause  broadening  bigger 
than  the  typical  separation  of  the  sharp  intra-centre 
transitions.  As  a  result,  we  estimate  a  fluctuation 


amplitude  A.y  comparable  to  the  mean  value  of  the  Ge 
concentration  x. 

The  results  obtained  here  indicate  that  the  over¬ 
whelming  majority  of  S  donors  are  hardly  affected  by 
the  presence  of  Ge.  At  10%  Ge  content,  the  statistical 
probability  for  S  to  have  one  or  two  Ge  neighbours  is 
30%  and  5%,  respectively.  In  other  w'ords.  there  is 
already  a  substantial  probability  for  sulphur  atoms  to 
have  Ge  neighbours.  We  expect  a  strong  effect  of  the 
nearest  neighbours  mostly  for  the  deep,  highly  localised 
ground  state.  The  strong  shift  of  the  ground  state  energy 
between  Si  and  Ge  ambience  should  manifest  itself  here. 
Since  we  do  not  observe  it,  we  may  conclude  thus  that  S 
in  our  samples  is  surrounded  almost  exclusively  by  Si 
atoms  and  it  feels  the  presence  of  Ge  only  via  potential 
fluctuations  caused  by  far  distant  Ge.  A  natural 
explanation  for  this  observation  is  the  existence  of  Ge 
clusters  of  high  Ge  content  w?hich,  however,  do  not 
contain  S  donors  at  sizeable  numbers.  All  our  findings 
thus  point  to  strong,  non-statistical  fluctuations  in  the 
alloy  distribution. 
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Abstract 

Hyperfine  (hf)  parameters  calculated  for  the  vacancy  in  diamond  show  deviations  from  the  experimental  data,  that  have 
been  ascribed  to  the  neglect  of  lattice  relaxations.  Extending  the  formalism  to  include  lattice  relaxations  we  have  removed 
the  discrepancies  for  the  interactions  with  the  nearest  neighbor  ligand  nuclei.  However,  the  disagreement  for  the 
interactions  with  the  next  neighbor  shell  apparently  increased  thereby.  Extending  our  calculations  to  include  all  ligands  up 
to  the  fifth  shell  we  show  that  the  hf  interaction  assigned  to  the  next  nearest  neighbor  shell  at  (2  2  0)  must  be  reassigned  to 
the  (3  31)  ligand  shell  instead.  The  same  reassignment  holds  for  substitutional  Ni  defects  in  diamond  and  for  several  deep 
donors  in  silicon,  but  apparently  not  for  the  silicon  vacancy  in  SiC.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  LSDA;  Hyperfine  interactions;  Diamond;  SiC 


1.  Introduction 

The  local  spin  density  approximation  of  the  density- 
functional  theory  (LSDA-DFT),  most  successful  in 
determining  the  ground  state  properties  of  deep  defects 
in  semiconductors,  can  be  applied  to  excited  states  as 
well,  if  these  differ  in  symmetry  from  the  ground  state 
[1].  Total  energies  and  hyperfine  (hf)  interactions  for  the 
5A2  excited  state  of  the  neutral  vacancy  in  diamond 
show  a  similar  accuracy  as  results  for  the  4A2  ground 
state  of  the  negatively  charged  vacancy  [2].  The 
significant  deviations  of  calculated  hyperfine  parameters 
assigned  to  interactions  with  the  nearest  and  next 
nearest  13C  neighbor  nuclei  from  the  experimental  data 
[3,4]  have  been  ascribed  to  the  neglect  of  lattice 
relaxations,  as  hf  interactions  probe  the  magnetization 
density  at  the  nuclei,  which  certainly  will  be  affected  by 
lattice  relaxations. 

Several  calculations  show  that  for  the  neutral  vacancy 
in  diamond,  there  are  only  small  deviations  from  a 
breathing  mode  relaxation,  but  the  direction  of  this 
breathing  relaxation  is  still  controversial:  Li  and  Low- 
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ther  [5]  report  a  10%  inward  relaxation,  Breuer  and 
Briddon  [6]  obtain  a  13%  outward  relaxation,  whereas 
according  to  Zywietz  et  al.  [7]  and  Messmer  et  al.  [8]  the 
outward  relaxation  is  only  about  7%. 

To  reinvestigate  the  influence  of  the  lattice  relaxation, 
we  have  included  lattice  relaxations  into  the  calculation 
of  hf  interactions.  We  obtain  an  outward  relaxation  of 
7%  for  the  nearest  neighbors.  While  this  relaxation 
removes  the  discrepancies  of  the  hf  interactions  with  the 
nearest  neighbor  ligands,  it  even  increases  the  disagree¬ 
ment  observed  for  the  interactions  with  the  next  shell  of 
ligands  observed  experimentally.  Extending  our  calcula¬ 
tions  to  the  fifth  shell  of  ligands,  we  show  that  the  hf 
interaction  commonly  assigned  to  the  next  nearest 
neighbors  at  (220)  must  be  reassigned  to  the  (3  31) 
ligand  shell  instead.  A  similar  reassignment  is  necessary 
for  substitutional  Ni  defects  in  diamond  and  for  several 
deep  donors  in  silicon,  but  certainly  not  for  the  silicon 
vacancy  in  SiC. 


2.  Computational 

Reliable  magnetization  densities  near  the  ligand  nuclei 
are  obtained  by  the  linear  muffin-tin  orbitals  method  in 
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the  atomic-spheres  approximation  (LMTO-ASA)  [9].  In 
a  Green's  function  approach,  the  problem  of  an  isolated 
impurity  in  an  otherwise  perfect  crystal  separates  into 
two  parts.  The  Green's  function  cp{E)  of  the  perfect 
crystal  is  constructed  first.  The  Green’s  function  g(E)  of 
the  impurity  problem  is  obtained  from  c}'  solving  the 
Dyson  equation 

[I  +  g°(E)(AP(E)  -  A5)]fl(£)  =  a"(E).  (1 ) 

Here  AP  =  P  -  P1'  is  the  perturbation  of  the  potential 
function  by  the  impurity  while  the  matrix  AS  =  S  -  5° 
is  the  relaxation-induced  change  of  the  LMTO-ASA 
structure  constants.  Assuming  AS  =  0  minimizes  the 
size  of  the  matrices  and  optimizes  the  performance  of 
the  numerical  calculations,  but  is  equivalent  to  a  neglect 
of  lattice  relaxations. 

In  this  work,  we  take  into  account  the  relaxation- 
induced  changes  of  the  structure  constants  AS  in  a  next 
nearest  neighbor  approximation.  We  demonstrate  the 
accuracy  of  the  relaxation  obtained  from  Eq.  (1),  taking 
the  silicon  vacancy  in  3C-SiC  as  an  example. 

In  all  charge  states  the  silicon  vacancy  in  SiC  is  known 
to  have  Td  symmetry  with  a  slight  outward  relaxation  of 
the  nearest  neighbors.  This  is  due  to  the  small  overlap  of 
the  strongly  localized  carbon  dangling  bonds  [7].  Thus, 
pairing  effects  w^hich  could  lead  to  Jahn-Teller  distor¬ 
tions  are  rather  small.  Therefore,  this  defect  is  a  perfect 


Fig.  I .  Td  symmetry  conserving  relaxations  for  all  charge  states 
(+2  to  -4)  of  the  silicon  vacancy  in  SiC  in  percent  of  the 
bondlength  in  the  perfect  crystal  obtained  by  different  calcula¬ 
tions:  present  work  (0).  SCC-DFTB  supcrcclls  [12]  (+).  plane 
wave  supercells  [7]  (□)  and  [10]  (x). 


example  to  compare  the  results  of  the  extended  Green’s 
function  method  with  results  from  supercell  approaches 
(FHI96-MD  [10.11],  SCC-DFTB  [12,13]).  The  relaxa¬ 
tions  of  the  nearest  neighbor  atoms  calculated  within 
our  approach  (Fig.  1)  are  slightly  smaller  than  those 
predicted  from  first-principle  supercell  calculations 
[7,10].  Note  that  the  different  methods  predict  a  similar 
dependence  of  the  relaxation  on  the  charge  state  of  the 
defect. 

For  the  negative  silicon  vacancy,  experimental  EPR 
data  give  similar  ligand  hf  interactions  for  different  SiC 
polytypes  [14].  As  shown  in  Table  1,  the  6.1%  outward 
relaxation  of  the  nearest  13C  neighbor  atoms  obtained 
from  our  calculation  removes  the  discrepancies  between 
theory  and  experiment,  reducing  the  isotropic  hf 
parameter  from  63.47  to  48.71  MHz  —  nearly  the 
experimental  value  of  46.90  MHz  (see  Table  1).  This 
gives  us  confidence  to  use  the  Green's  function  LMTO- 
ASA  approach  to  calculate  nearest  neighbor  relaxations 
for  similar  defects  as  well. 


3.  The  vacancy  in  diamond 

According  to  previous  calculations  [7,15],  the  relaxa¬ 
tion  of  the  next  nearest  neighbors  of  the  vacancy  in 
diamond  is  very  small  (<1%  inward).  We,  therefore, 
shall  discuss  nearest  neighbor  breathing  displacements 
exclusively.  Furthermore,  the  states  for  which  EPR 
spectra  are  reported  are  not  subject  to  Jahn-Teller 
distortions. 

Applying  the  LMTO-ASA  Green's  function  method 
to  all  charge  states  of  the  vacancy  in  diamond  we  obtain 
the  relaxations  shown  in  Fig.  2.  The  breathing  relaxation 
decreases  from  11.5%  outward  relaxation  for  V2~  to 
4.5%  inward  for  V4-.  This  is  not  compatible  with  results 
from  supercell  calculations:  these  predict  quite  different 
(8%  [10,11]  and  about  4%  [12,13])  outward  relaxations 
that  virtually  do  not  depend  on  the  charge  state  of  the 
vacancy  (see  Fig.  2).  Experimental  EPR  data  with 
resolved  ligand  hf  interactions  are  available  for  two 
different  charge  states,  the  neutral  and  the  negative  state. 
Fortunately  both  states,  the4A2  ground  state  of  V"  and 
the  5A2  excited  state  of  V°,  are  neither  affected  by  Jahn- 


Table  1 


Calculated  ligand  hyperfinc  interaction  constants  (in  MHz)  for  the  relaxed  Vsi  in  3C-SiC  compared  with  correspond^  values  for  the 
unrelaxed  structure  and  with  experimental  data  [14] 


M 

(%  (/„) 

,3C(I  1  1)  ligand 

29Si  (2  20)  ligand 

l3C(l  13)  ligand 

UC  (3  31)  ligand 

a 

b 

a 

h 

b’ 

a 

b 

b' 

a 

b 

b' 

LSDA 

0.0 

63.47 

13.72 

4.07 

-0.52 

0.19 

-1.57 

0.11 

0.09 

3.38 

1.15 

0.04 

LSDA 

Exp. 

6.1 

48.71 

46.90 

14.22 

3.84 

6.04 

8.24 

-0.23 

0.20 

-1.33 

-0.10 

0.09 

3.68 

1.22 

0.07 
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Table  2 

Ligand  hyperfine  interaction  constants  (in  MHz)  calculated  for  the  relaxed  5A2  excited  state  of  Vc°  compared  with  values  calculated  for 
the  unrelaxed  structure  [2]  and  with  experimental  data  from  van  Wyk  et  al.  [4]:  Also  listed  are  corresponding  data  for  the  4A2  state  of 
compared  with  experimental  data  from  Isoya  et  al.  [3]  and  for  for  Ni^  in  diamond  ([16,17]).  The  calculated  hf  interaction  value  of 
13.5  MHz  for  61Ni  nucleus  (exp.  value  17.1  MHz)  is  almost  unaffected  by  the  relaxation 


Ad 

(%  do) 

13C  (1  1  1)  ligand 

l3C  (220)  ligand 

13C  (1  1  3)  ligand 

I3C  (3  3  1)  ligand 

a 

b 

a 

b 

y 

a 

b 

b' 

a 

b 

V 

V*c°(5A2) 

LSDA 

0.0 

88.0 

16.4 

-4.7 

1.20 

0.20 

-0.5 

0.20 

0.10 

5.4 

1.20 

0.20 

LSDA 

6.7 

58.9 

17.7 

-3.5 

0.92 

0.24 

1.2 

0.37 

0.25 

7.2 

1.38 

0.19 

Exp. 

53.73 

18.70 

6.36 

1.20 

— 

V5(%) 

LSDA 

0.0 

126.0 

18.1 

-3.2 

1.2 

0.3 

0.4 

0.20 

0.20 

6.7 

1.2 

0.3 

LSDA 

3.6 

101.6 

18.8 

-2.1 

0.96 

0.26 

1.3 

0.36 

0.32 

8.1 

1.31 

0.21 

Exp. 

101.7 

20.0 

10.7 

1.37 

0.09 

Nic 

LSDA 

0.0 

31.9 

7.7 

-4.1 

0.4 

0.1 

0.7 

1.20 

0.20 

7.2 

1.2 

0.3 

LSDA 

5.7 

22.8 

9.0 

5.7 

1.17 

0.50 

1.2 

0.45 

0.20 

7.9 

1.01 

0.17 

Exp. 

18.85 

9.32 

8.63 

1.04 

0.05 

Charge  states 


Fig.  2.  Relaxations  in  the  subspace  of  Td  symmetry  for  all 
charge  states  (+2  to  -4)  of  the  isolated  vacancy  in  diamond  in 
percent  of  the  bondlength  in  the  perfect  crystal  obtained  by 
different  calculations:  present  work  (0),  SCC-DFTB  supercells 
[12]  (+),  plane  wave  supercells  [7]  (□)  and  [10]  (x),  cluster 
calculations  [6]  (A).  The  result  of  a  cluster  calculation  with  a 
model  potential  [5]  is  denoted  by  an  asterisk  (*).  Note  that  local 
density  theory  yields  the  ground  state  configurations  for  the 
charge  states  +2,-1,  and  -4  only. 


Teller  distortions  nor  by  configuration  interactions, 
since  there  are  no  further  a"1^2  configurations  that 
could  be  admixed  to  the  orbital  singlet  states  (see  also 
Ref.  [2,6]).  This  offers  the  possibility  to  check  the  LSDA 
spin  densities  for  different  atomic  configurations  against 
experimental  ligand  hf  interaction  data,  and  thereby  to 
compare  the  consequences  of  the  lattice  relaxations 
predicted  by  different  methods. 

To  this  aim,  we  have  calculated  the  hf  parameters  for 
the  relaxed  geometries  predicted  by  our  total  energy 
calculations  and  by  different  supercell  calculations.  For 


the  4A2  state  of  the  negative  vacancy,  the  FHI-code 
leads  to  a  relaxation  of  7.8%  [7,10].  This  corresponds  to 
an  isotropic  hf  interaction  of  about  70  MHz,  signifi¬ 
cantly  less  than  the  experimental  value  (101.7  MHz)  with 
a  deviation  that  is  comparable  in  magnitude  to  the  error 
found  for  the  unrelaxed  structure.  In  contrast,  in  this 
case  the  SCC-DFTB  calculation  [12]  gives  a  geometry 
that  leads  to  hf  interactions  (100.7  MHz)  that  are  close 
to  the  experimental  values.  However,  the  SCC-DFTB 
calculations  predict  for  the  5A2  excited  state  a  3.8% 
outward  relaxation,  for  which  we  obtain  the  isotropic  hf 
value  of  73.5  MHz,  appreciably  larger  than  the  experi¬ 
mental  value  of  53.7  MHz. 

The  results  of  our  present  Green’s  function  approach 
simultaneously  explain  the  hf  splittings  due  to  the 
nearest  neighbor  13  C  ligands  for  both  charge  states  as 
shown  in  Table  2.  Predicted  outward  relaxations  of  6.7% 
and  3.6%  for  the  excited  neutral  and  for  the  negative 
charge  state  of  the  vacancy,  respectively,  remove  most  of 
the  discrepancies  with  the  experimental  data  (see  also 
Table  2). 

This  result  can  also  be  understood  following  a  simple 
method  for  estimating  the  geometric  structure  of  atoms 
from  the  hybridization  ratio  [18],  as  already  used  by  van 
Wyk  et  al.  [4].  From  the  hf  parameters  of  the  two  defect 
states  which  differ  by  a  factor  of  two,  these  authors 
estimate  that  for  the  neutral  vacancy  the  displacement  of 
the  nearest  neighbors  must  be  50%  stronger  than  for  the 
4A2  ground  state  of  the  negatively  charged  vacancy. 

In  contrast  to  the  results  for  the  nearest  neighbors,  the 
disagreement  observed  for  the  experimental  data  com¬ 
monly  assigned  to  the  next  nearest  neighbor  (2  2  0)  shell 
increases  if  we  include  the  lattice  relaxations.  Since,  as 
mentioned  above,  the  displacements  of  these  atoms  are 
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negligible,  these  discrepancies  cannot  be  explained  by 
our  limitation  of  the  lattice  relaxation  to  the  nearest 
neighbors.  Comparing  the  experimental  hf  interactions 
with  calculated  results  for  shells  which  belong  to  the 
class  of  the  (2  20)  shell,  we  find  satisfactory  agreement 
for  both  the  isotropic  and  the  anisotropic  interactions 
for  the  '"A:  state  as  well  as  for  the  4A:  state,  if  we  assign 
the  experimental  data  to  the  (3  3  1)  shell  in  both  cases. 

A  closer  look  at  Table  2  shows  the  same  reassignment 
to  hold  for  substitutional  Ni  defects  in  diamond  as  well. 
Here,  the  main  argument  against  the  (2  20)  assignment 
comes  from  the  fact  that  the  experimental  anisotropic  hf 
interaction  is  nearly  axial.  We  note  in  passing  that  with 
similar  arguments,  it  can  be  shown  that  a  comparable 
reassignment  of  the  ligand  hf  interactions  should  be 
made  for  deep  substitutional  donors  in  silicon,  but 
certainly  not  for  the  silicon  vacancy  in  SiC,  as  can  be 
seen  in  Table  1. 
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Abstract 

The  stability  of  transition  metals  as  point  defects  in  diamond  is  examined.  Several  impurities  that  have  not  been  seen 
in  diamond  are  modelled  to  understand  whether  they  could  be  present,  but  are  as  yet,  undetected.  We  model  their 
solubility  characteristics  such  as  solvation  enthalpies  and  entropies.  The  results  indicate  that  the  most  likely  transition 
metal  impurities  in  diamond  will  be  from  metals  with  the  greatest  d-character.  The  most  stable  impurity  is  predicted  to 
be  nickel,  in  agreement  with  experimental  work  on  these  defects.  The  calculations  also  give  credence  to  some  of  the 
models  that  have  been  proposed  for  these  defects,  in  particular,  that  semi-divacancy  defects  relieve  the  strain  imposed 
by  these  large  impurity  atoms.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Transition  metals;  Diamond;  Stability 


1.  Introduction 

The  most  common  defects  in  diamond  are  either 
intrinsic  or  are  those  elements  close  to  carbon  in  the 
periodic  table  such  as  N  and  B.  Transition  metals  are  an 
exception  to  this.  The  main  reason  for  interest  in  them 
comes  from  synthetic  samples  where  transition  metals 
are  used  as  solvent  catalysts  for  the  controlled  produc¬ 
tion  of  industrial  diamond.  Synthetic  stones  now  make 
up  over  90%  of  the  industrial  diamond  market  [1].  One 
of  the  side  effects  of  using  metals  in  this  way  is  that  they 
become  incorporated  in  the  grown  diamond  as  point 
defects;  however,  interestingly  only  two — Co  and 
Ni — of  the  many  used  appear  to  form  defects  [2].  They 
have  been  identified  unambiguously  using  optical  and 
paramagnetic  methods:  the  hyperfine  information  from 
EPR  proving  to  be  invaluable  in  the  identification  of  the 
chemical  species  of  the  impurity  [3,4].  There  are  three 
dominant  lattice  sites  which  are  associated  with  these 
defects:  interstitial,  substitutional  and  “semi-divacancy” 
[4,5].  In  a  bid  to  answer  some  of  the  questions  about 
which  metals  could  form  defects,  we  model  the  solvation 
enthalpy  and  entropy  of  transition  metals  impurities  in 
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diamond.  This  helps  us  to  gain  an  insight  into  the 
likelihood  of  more  defects  being  identified. 

In  this  study,  we  examine  the  metals  that  are  most 
commonly  used  for  the  synthesis  of  diamond— iron, 
nickel  and  cobalt — and  several  on  the  first  transition 
series,  which  are  rarer— vanadium,  manganese  and 
copper.  Because  of  the  lack  of  a  reliable  pseudopotential 
for  chromium,  the  full  series  cannot  be  modelled,  but 
there  will  still  be  enough  data  to  observe  trends. 


2.  Method 

The  computer  program  AIMPRO  [6]  has  been  used  to 
model  many  defect  systems  in  a  wide  variety  of 
materials.  The  typical  clusters  employed  in  this  study 
were  of  150  atoms,  of  which  70-90  were  host/impurity 
atoms.  Norm-conserving  pseudopotentials  for  the  car¬ 
bon  and  metal  atoms  were  used  as  derived  by  Bachelet 
et  al.  [7].  The  metal  atom  was  inserted  in  the  centre  of  a 
cluster  based  around  the  site  in  question:  substitutional, 
interstitial  or  semi-divacancy.  The  electronic  wave 
functions  were  expanded  in  s-  and  p-Gaussian  orbitals, 
centred  on  the  nuclei,  with  the  electron  charge  density 
fitted  in  the  same  way.  These  structures  were  then 
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relaxed  by  first  finding  a  self-consistent  energy,  then 
calculating  the  forces,  and  relaxing  the  system  using  a 
conjugate  gradient  function  until  an  equilibrium  point  is 
reached.  The  runs  have  been  repeated  for  clusters  of 
varying  sizes  to  see  if  the  results  obtained  are  size- 
independent;  the  typical  variation  is  only  of  1-2%. 
Vibrational  properties  of  a  defect  centre  can  be  obtained 
by  diagonalising  a  dynamical  matrix  generated  from  the 
double  derivatives  of  the  total  energy  as  described  in 
Ref.  [6].  These  have  an  accuracy  of  about  10%  although 
results  are  more  unreliable  close  to  the  Raman 
frequency. 


3.  Stability  of  transition  metals  in  diamond 

The  method  that  we  use  is  primarily  based  on  that  of 
Mainwood  and  Stoneham  [8].  Estimating  the  stability  of 
the  metal  in  the  diamond  requires  dealing  with  several 
quantities:  solvation  enthalpies  and  entropies  and  long- 
range  strain.  The  solvation  enthalpy  of  a  metal-carbon 
solution  is  estimated  by  using  a  similar  Born-Haber 
relation  to  the  one  that  appears  in  Ref.  [8]: 

ETol(MC„..-x)  —  Ejol(Cn )  —  Ewh(M),  (1) 

where  £un(A/C„_v)  is  the  total  energy  of  the  cluster 
containing  the  metal;  £lo,(C,r)  is  the  total  energy  of  the 
“pure”  diamond  and  £<;0h(A/)  is  the  cohesive  energy  of 
the  metal  which  is  taken  from  the  values  given  by  Kittel 
[9].  This  assumes  that  the  transition  metal  is  dissolved 
from  the  metal.  The  transition  metal  impurity  will 
introduce  strain  into  the  lattice.  This  strain  will 
effectively  extend  beyond  the  range  of  the  cluster. 
Continuum  elastic  theory  [10]  predicts  that  this  strain 
will  fall  off  as  the  cube  of  the  distance  from  the  impurity. 
To  estimate  the  strain,  we  use  the  technique  of  Safonov 
et  al.  [11].  This  relates  the  strain  components  e#  at  a 
point  (.Y|,  a*2,  a'.V)  a  distance,  away  as 

etj  =  Ar}(djj  ~  Xxf.xj/r ),  (2) 

where  <5/y  is  the  Kronecker  delta.  A  is  an  elastic  mismatch 
parameter.  The  total  strain  energy  per  unit  volume  is 
then  given  by  Nye  [12]  as 

s(i  =  (3) 

0 

where  ci}  are  the  elastic  modulii  of  diamond  [13].  The 
long-range  strain  energy  is  shown  for  the  various  types 
of  defects  in  Fig.  1.  We  see  that,  for  the  majority  of 
metals,  the  strain  is  similar.  However,  there  are  some 
points  to  note.  Generally,  the  semi-divacancy  exhibits 
the  lowest  strain,  supporting  an  intuitive  feeling  that 
moving  a  large  substitutional  atom  to  a  semi-divacancy 
site  should  relieve  strain  in  the  lattice.  This  is  most 
obvious  for  the  copper  impurity,  where  the  substitu¬ 
tional  impurity  has  very  high  strain  whereas  the 


Fig.  1.  The  elastic  strain  energies  for  the  various  impurities 
under  consideration  in  this  paper.  The  divacancy  impurity  has 
generally  the  lowest  long-range  strain,  in  agreement  with 
theoretical  approaches  describing  the  formation  of  this  defect. 


Table  1 


Cohesive  energies  for  the  metals  under  consideration  in  this 
study51 


Metal 

Cohesive  Energy  (eV  atom  l) 

V 

5.31 

Mn 

2.92 

Fc 

4.28 

Co 

4.39 

Ni 

4.44 

Cu 

3.49 

:l  Values  taken  from  Ref.  [3]  (Kittel). 


transition  to  the  divacancy  results  in  considerably  less 
strain. 

The  next  component  that  describes  the  solubility  is  the 
solvation  entropy.  The  main  contribution  to  this  is  the 
vibrations  of  the  atoms.  In  the  case  of  a  cluster,  this 
means  calculating  the  local  vibrational  modes  due  to  the 
impurity  have  to  be  calculated,  as  described  in  Born  and 
Huang  [14],  from  which  the  solvation  entropy  is  given  by 
[8] 


where  vj,*  are  the  vibrations  with  the  impurity  present 
and  vo/when  it  is  absent.  The  values  of  the  contributions 
to  the  vibrational  entropy  are  shown  in  Tables  1  and  2. 
When  we  take  these  in  addition  to  the  enthalpies,  we 
arrive  at  an  estimate  for  the  Gibbs’  free  energy: 

AG  =  AH  -  T  AS,  (5) 

where  A H  is  the  change  in  enthalpy,  and  AS ,  that  of 
entropy. 

The  results  are  shown  in  Figs.  2-4.  It  is  clear  from 
these  figures  that  the  impurities  most  likely  to  be  found 
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Table  2 


The  vibrational  entropies  calculated  for  the  intersitial  and  the  substitutional  impurities'1 


Metal 

Substitutional  vibrational  entropy  (eVK  *) 

Interstitial  vibrational  entropy  (eVK  !) 

V 

— 2.95E— 06 

9.60E-04 

Mn 

— 2.88E— 18 

— 1.16E— 15 

Fe 

3.08E-04 

2.17E-03 

Co 

1.23E-03 

2.12E-03 

Ni 

6.99E-05 

4.79E-04 

Cu 

— 5.63E— 04 

2.58E-04 

aThe  values  are  small  compared  to  the  enthalpies  (Figs.  2-4). 


Fig.  2.  The  stability  of  the  interstitial  metal  in  the  diamond 
lattice. 


Fig.  3.  The  stability  of  the  divacancy  metal  in  diamond. 


in  the  diamond  are  those  of  increasing  d-character. 
Nickel  is  predicted  to  be  the  most  stable  metal  impurity 
in  diamond,  in  agreement  with  experimental  observa¬ 
tion,  where  the  vast  majority  of  the  work  has  been  on 
identifying  this  metal  in  the  various  lattice  sites 
mentioned  in  the  introduction.  The  second  most  likely 
impurity  is  cobalt,  which  is  also  found  experimentally. 
From  the  graphs,  it  would  also  appear  that  copper- 
— admittedly  a  rarely  used  catalyst — would  be  a  likely 
defect;  in  silicon,  it  is  widely  known  as  fast  diffuser  [15]. 
However,  when  we  refer  back  to  Fig.  1,  the  considerable 


Fig.  4.  The  stability  of  the  substitutional  metal  in  diamond. 


Fig.  5.  The  atomic  radii  of  the  metals  under  consideration. 
There  is  a  definite  similarity  to  the  trend  observed  in  the 
interstitial  atoms. 


long-range  strain  that  is  introduced,  reduces  this  like¬ 
lihood  for  the  substitutional  and  interstitial  impurities, 
although  not  for  the  divacancy  case.  This  supports  a 
recent  paper  by  Baker  [7],  which  re-evaluates  the  EPR 
W36  centre  in  terms  of  its  origin  from  a  semi-di vacancy 
copper  defect.  Intriguingly,  iron  does  not  appear  to  be 
very  stable  in  diamond.  Iron  is  an  efficient  solvent  for 
graphite.  As  a  result,  almost  all  the  solvent  catalysts 
used  to  grow  in  diamond  are  iron  alloys.  Its  non¬ 
stability  as  a  point  defect  in  diamond  is  therefore, 
surprising,  although  it  is  worth  noting  that  no  point 
defects  containing  iron  have  been  unambiguously 
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identified  in  synthetic  diamonds  grown  with  iron  or 
iron-alloy  solvent  catalysts.  The  interstitial  metal  results 
bear  a  strong  resemblance  to  the  atomic  radii  of  the 
metals,  as  shown  in  Fig.  5.  As  this  impurity  does  not 
bond  to  the  lattice,  it  is  the  most  similar  to  the 
unaffected  metal  in  the  diamond  lattice,  a  fact  borne 
out  by  the  stability  results. 
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Abstract 

Diamonds  were  irradiated  by  either  2.3  MeV  electrons  or  by  60Co  y-rays.  In  the  case  of  electron  irradiation,  positron 
annihilation  and  optical  absorption  showed  that  30-35%  of  the  monovacancies  (positron  lifetime  of  145  ps)  were 
removed  by  interstitials  between  700  and  1020  K.  Above  1020  K,  divacancies  were  formed  giving  rise  to  TH5  optical 
absorption  and  a  positron  lifetime  of  185  ps.  Above  1 120  K,  TH5  absorption  was  replaced  by  absorption  at  507/517  nm, 
but  no  change  in  the  positron  lifetime  was  observed.  Annealing  of  the  y-irradiated  type  lb  diamonds  differed 
substantially  from  that  for  the  electron  irradiated  samples;  60%  of  the  mono  vacancies  where  removed  between  350  and 
525  K.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Diamond;  Vacancies;  Annealing;  Positron  annihilation 


1.  Introduction 

The  purpose  of  this  work  is  to  investigate  the 
mechanisms  by  which  irradiation-produced  monovacan¬ 
cies  anneal  out  upon  heat-treatment.  Monovacancies  were 
introduced  either  by  2.3  MeV  electron  irradiation  or  by 
60Co  irradiation,  where  the  latter  type  of  irradiation 
causes  damage  due  to  Compton  scattered  electrons  with  a 
maximum  energy  of  only  1 . 1  MeV.  It  will  be  shown  that 
the  annealing  behaviour  of  monovacancies  differs  sig¬ 
nificantly  between  these  two  irradiation  conditions. 

2.  Experimental 

In  Section  2.1  details  of  the  samples  and  irradiations 
are  given  and  in  Section  2.2,  a  brief  introduction  to 
positron  annihilation. 

2.1.  Experimental  details 

Two  type  Ila  natural  diamonds  were  electron 
irradiated  by  2.3  MeV  electrons  to  a  dose  of 
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1.4  x  1018cm-2  over  a  time  period  of  14  h  at  281  K  after 
which  the  positron  source  was  sandwiched  between  the 
samples.  The  two  60Co  y-irradiated  samples  were  type  lb 
synthetic  diamonds  with  a  substitutional  nitrogen 
concentration  of  90  ppm.  They  were  irradiated  to  an 
absorbed  dose  of  6MGy  (H20)  accumulated  during  7 
days  of  irradiation  at  300-350  K.  Isochronal  annealing 
(l/2h)  was  done  in  air  up  to  700  K,  while  above  this 
temperature  a  protective  atmosphere  of  Ar  was  used. 

Positron  experiments  were  done  with  a  lifetime 
spectrometer  with  a  full-width  at  half-maximum  of 
170-175  ps  and  Doppler  spectra  were  measured  with  an 
energy  resolution  of  1 .2  keV.  Data  analysis  was  based  on 
spectra  containing  (6-10)  x  106  counts.  Optical  measure¬ 
ments  were  done  at  80  K  in  the  wavelength  range  of  220- 
1100  nm. 

2.2.  Positron  annihilation 

In  this  work  two  positron  techniques  were  used, 
lifetime  spectroscopy  and  Doppler  broadening.  In  the 
first  technique  vacancies  are  detected  because  positron 
trapped  by  vacancies  have  a  longer  lifetime  than  in  the 
untrapped  state  (bulk)  due  to  the  smaller  electron 
density  in  vacancies.  In  Doppler  broadening  experi¬ 
ments  the  electron  momentum  distribution  is  measured, 
and  trapping  by  vacancies  causes  the  positron  to 
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annihilate  with  electrons  with  a  narrower  momentum 
distribution  than  in  the  bulk:  The  so-called  S  parameter 
is  designed  to  give  a  quantitative  measure  for  this 
narrowing. 

The  rate  by  which  positrons  are  trapped  by  vacancies 
(the  so-called  trapping  rate)  is  linearly  dependent  on 
their  concentration.  In  lifetime  spectra  this  causes  an 
increase  in  the  intensity  of  the  lifetime  arising  from  the 
trapping,  and  for  the  S  parameter  in  an  increase  in  its 
value:  a  more  detailed  account  of  positron  annihilation 
can  be  found  in  Ref.  [1]. 

3.  Results  and  discussion 

The  results  for  the  electron  irradiated  samples  are 
presented  in  Section  3.1  and  those  obtained  for  the  y- 
irradiated  samples  in  Section  3.2. 

3.1.  Electron  irradiation 

Optical  absorption  of  six  zero-phonon  lines  were 
measured  as  a  function  of  annealing  temperature.  The 
six  lines  were:  741  (GR1,  arising  from  neutral  mono¬ 
vacancies),  488  (TH5),  507  (Ml),  517  (M2),  595,  and 
610  nm.  The  two  latter  lines  were  weak  compared  to  the 
other  lines  and  will  not  be  considered  further;  the 
identifiers  given  in  the  parentheses  originate  from  optical 
works.  The  four  main  optical  absorption  lines  were 
quantified  by  integration  over  a  lOnm  wide  range 
centered  at  each  line  after  a  linear  background  subtrac¬ 
tion  for  each  of  the  lines.  Fig.  1  shows  the  integrated 
absorption  normalized  to  the  maximum  value  for  each 
of  the  four  lines;  the  integrated  absorptions  of  the  507/ 
517nm  lines  were  identical. 

Absorption  due  to  neutral  monovacancies  (GR1) 
decreases  by  30%  up  to  1020  K,  with  a  hint  of  a  ‘stage’ 
close  to  820  K.  The  main  annealing  stage  above  1020 K 
is  accompanied  by  an  increase  in  the  488  nm  line  (TH5) 
and  during  its  subsequent  decrease  above  1110K  the 
507/517  lines  grow  in.  although  faintly  present  already 
above  1000K.  It  is  noteworthy  that  the  maximum  value 
of  the  absorption  of  the  488  nm  line  equals,  to  within 
10%,  the  sum  of  the  maximum  values  for  the  507/ 
517nm  lines.  This  indicates  that  these  three  lines  are 
closely  related. 

Positron  lifetime  results  are  presented  in  Fig.  2.  Panel 
(a)  shows  that  the  irradiation-produced  lifetime  of 
145  +  3  for  positrons  trapped  by  monovacancies  [1]  is 
constant  up  to  1020K.  Above  1020K  the  lifetime 
increases  and  levels  off  at  185±3ps.  which  shows  that 
vacancy  agglomeration  occurs  during  the  decrease  in 
GR1  absorption. 

In  Fig.  2b  is  shown  the  fraction  remaining  of  the 
trapping  rate,  i.e.  its  value  at  any  of  the  annealing 
temperatures  divided  by  its  value  before  annealing. 


ANNEALING  TEMPERATURE  (K) 

Fig.  1.  Normalized  optical  absorption  as  a  function  of  iso¬ 
chronal  annealing  temperature  for  electron  irradiated  samples. 
Panel  (a)  depicts  that  for  GR1  and  panel  (b)  for  488  (TH5)  and 
507 nm  (Ml);  absorption  at  517 nm  (M2)  is  identical  to  that  for 
507  nm.  Curves  in  panel  (b)  are  merely  guides  to  the  eye. 


ANNEALING  TEMPERATURE  (K) 

Fig.  2.  Positron  lifetime  results  obtained  at  293  K  as  a  function 
of  isochronal  annealing  temperature  for  electron  irradiated 
samples.  Panel  (a)  shows  the  irradiation-produced  lifetime  and 
panel  (b)  the  normalized  trapping  rate. 


The  fraction  remaining  of  the  trapping  rate  and  the 
fraction  remaining  of  GR1  decreased  by  the  same 
amount  up  to  1020  K  (30-35%),  and  since  there  was 
no  evidence  for  vacancy  agglomeration  according  to  the 
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lifetime  results  (Fig.  2a),  we  conclude  that  monovacan¬ 
cies  are  removed  due  to  migration  of  interstitials.  Hunt 
et  al.  [2]  have  recently  ascribed  a  10%  decrease  in 
monovacancy  concentration  due  to  recombination  with 
single  (split)  interstitials.  This  took  place  upon  annealing 
to  750  K  and  is  consistent  with  the  decrease  in  GR1 
absorption  at  820  K  observed  in  this  work.  However, 
interstitials  with  higher  thermal  stability  are  required  for 
the  further  20-25%  reduction  in  monovacancy  concen¬ 
tration  up  to  1020  K:  This  leaves  65-70%  of  the 
interstitials  unaccounted  for. 

Above  the  annealing  temperature  of  1020K,  vacancy 
agglomeration  is  most  likely  due  to  creation  of 
divacancies  in  view  of  theoretical  calculations  of  the 
positron  lifetime  for  divacancies  [3]  and  of  the  emer¬ 
gence  of  the  488  nm  line  (TH5)  and  by  the  EPR  signal 
(R4/W6)  for  divacancies  [4]. 

The  positron  experiments  show  that  the  507/51 7  nm 
lines  are  also  associated  with  divacancies,  since  the 
positron  lifetime  did  not  vary  during  the  changes  in  the 
absorption  at  488/507/517  nm.  Furthermore,  the  obser¬ 
vation  that  the  positron  trapping  rate  (Fig.  2b)  is 
constant  throughout  the  changes  in  these  lines  (Fig.  lb) 
shows  that  divacancies  are  not  lost  during  these 
processes. 

Importantly,  this  implies  that  interstitials  do  not 
remove  vacancies  above  1020K,  and  thus  raises  the 
question  of  where  the  remaining  65-70%  of  the 
interstitials  went?  An  explanation  could  be  that  these 
interstitials  were  removed  during  irradiation  by  disloca¬ 
tions  as  well  as  by  the  large  vacancy  clusters  commonly 
observed  by  positrons  [1]. 

In  summary,  divacancies  are  confirmed  to  be  created 
by  mono  vacancy  migration  above  1020K  and  we 
suggest  that  the  507/51 7  nm  lines  are  associated  with 
‘high’  temperature  forms  of  the  divacancy. 

3.2 .  y  irradiation 

To  further  investigate  the  fate  of  interstitials,  type  lb 
synthetic  diamonds  were  irradiated  with  60Co  y-rays 
(1.13  and  1.3  MeV)  to  create  monovacancies  due  to 
Compton  scattered  electrons  of  a  maximum  energy  of 
1 . 1  MeV.  The  idea  is  that  such  irradiation  would  create 
close  vacancy-interstitial  pairs  (Frenkel  pairs)  which 
would  curtail  removal  of  interstitials  by  other  defects, 
and  consequently  exhibit  a  different  annealing  behaviour 
than  that  arising  from  2.3  MeV  electron  irradiation. 

It  should  be  pointed  out  that  the  y-irradiated 
diamonds  were  of  type  lb  so  monovacancies  would  be 
negatively  charged  and  no  absorption  due  to  neutral 
mono  vacancies  (GR1)  was  observed.  Absorption  from 
the  negatively  charged  monovacancies,  however,  could 
not  be  observed  due  to  the  strong  absorption  from 
substitutional  nitrogen. 


Positron  results  are  shown  in  Fig.  3  and  display 
notable  differences  compared  to  the  2.3  MeV  electron 
irradiated  samples.  According  to  panel  (a)  the  radiation- 
produced  vacancies  give  rise  to  a  positron  lifetime  of 
130  +  3  ps,  some  15ps  shorter  than  for  the  previous 
samples.  The  normalized  trapping  rate  is  shown  in  panel 
(b)  of  Fig.  3.  It  is  remarkable  that  annealing  of  vacancies 
takes  place  at  much  lower  temperatures  than  for  the 
2.3  MeV  electron  irradiated  samples  (cf.  Fig.  2b). 
Another  remarkable  observation  comes  from  the  low 
temperature  Doppler  S  parameter  measurements  be¬ 
tween  8  and  300  K  shown  in  Fig.  4.  Negatively  charged 
monovacancies  should  normally  result  in  a  strong 
decrease  in  the  S  parameter  with  increasing  temperature, 
but  here  S  is  seen  to  increase  slightly  with  temperature. 

The  defect  inventory  created  by  y  irradiation  is  quite 
different  from  that  for  2.3  MeV  electrons,  and  we 


Fig.  3.  Irradiation  produced  lifetime  (panel  (a))  and  normalized 
trapping  rate  (panel  (b))  for  the  y-irradiated  samples,  as  a 
function  of  annealing  temperature.  Measurements  were  made  at 
293  K. 


Fig.  4.  S  parameter  as  a  function  of  measurement  temperature 
for  the  y-irradiated  samples. 
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suggest  that  close  vacancy-interstitial  pairs  V  I  ' 
(Frenkel  pairs)  are  created  by  y  radiation.  This 
suggestion  explains  the  low  temperature  annealing  of 
the  vacancies  and  the  overall  neutral  charge  of  the 
Frenkel  pair  would  account  for  the  behaviour  of  the  S 
parameter,  while  at  the  same  time  explain  why  no  GR1 
absorption  is  observed.  Further  experiments  on  y- 
irradiated  synthetic  type  Ila  and  type  lib  diamonds 
are  in  progress. 


4.  Conclusion 

Positron  experiments  confirm  the  association  of  the 
optical  absorption  line  TH5  with  the  divacancy,  and 
suggest  that  the  absorption  lines  at  507  and  517 nm  (Ml 
and  M2,  respectively)  are  also  due  to  divacancies. 

Damage  arising  from  60Co  y  irradiation,  i.e.  by 
electrons  of  maximum  energy  of  1.1  MeV,  is  suggested 
to  be  in  the  form  of  close  vacancy-interstitial  pairs  with 
an  overall  neutral  charge  and  stable  only  up  to  ~400K. 
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Abstract 

Optical  absorption,  interference  and  microscopy  studies  of  diamond  samples  implanted  with  light  ions  (H  +  ,  D  + 
and  He+)  and  annealed  at  various  regimes  revealed  new  features  of  irradiation  induced  graphitisation  of  diamond: 
the  “low  temperature”  graphitisation  directly  related  to  vacancies,  the  specific  mechanism  of  graphitisation 
accompanied  by  blistering  in  H+  implanted  samples  and  high  temperature  graphitisation  stimulated  by  residual 
radiation  damage.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Due  to  metastability  of  diamond  (under  ambient 
conditions  the  stable  phase  of  crystalline  carbon  is 
graphite)  it  tends  to  transform  to  graphite  under  heat 
treatment  and/or  irradiation  [1,2].  This  puts  a  severe 
limitation  on  ion  implantation  doping.  On  the  other 
hand  ion-beam  induced  graphitisation  opens  new 
prospects  of  defect  engineering  [3]. 

In  this  paper  we  present  the  results  of  studies  of 
formation  of  graphitised  layers  in  diamond  under 
various  conditions  of  implantation  with  H  +  ,  D  +  and 
He+  ions  and  annealing.  The  use  of  the  light  ions  offers 
some  advantage  over  heavier  ions  since  the  former 
produce  buried  graphitised  layers  at  a  considerable 
(~  lOOOnm)  depth,  which  is  essential  for  applications.  It 
is  shown  that  the  phenomenon  of  radiation-induced 
graphitisation  is  more  complicated  than  it  was  pre¬ 
viously  anticipated.  Of  particular  interest  are  the  data 
referring  to  implantation  with  hydrogen,  which  reveal  a 
specific  role  of  hydrogen  in  “conservation”  of  radiation 
damage. 


Corresponding  author.  Fax:  +7-095-938-2251. 
E-mail  address:  gippius@sci.lpi.ac.ru  (A.A.  Gippius). 


2.  Experimental 

Polished  (110)  samples  of  Ha  or  intermediate  (Ila-Ia) 
natural  diamond  were  bombarded  at  room  temperature 
by  350  keV  H  +  ,  D+  and  He+  ions  with  doses  in  the 
range  2-12  x  1016cm~2.  Implanted  areas  0.75  x  1.75  mm 
in  size  were  specified  by  masks.  Annealing  was 
performed  at  temperatures  up  to  1700°C  in  a  graphite 
furnace.  The  formation  of  the  graphitised  layers  was 
monitored  by  optical  absorption,  interference  and 
microscopy. 


3.  Results 

3.1.  Radiation  damage  and  graphitisation 

In  the  case  of  implantation  of  light  ions  it  can  be 
thought  that  the  radiation  damage  consists  mainly  of 
vacancies  and  interstitials.  The  latter  are  annealed  at 
temperatures  well  below  those  characteristic  of  the 
process  of  graphitisation,  which  is  thus  determined  by 
the  amount  and  spatial  distribution  of  vacancies. 

In  Fig.  1  the  spatial  distributions  of  implanted  species 
and  radiation  damage  (vacancies)  calculated  by  Monte 
Carlo  simulation  are  shown  for  the  dose  3  x  1016cm-2 
of  350  keV  H  +  ,  D+  and  He+  ions.  It  is  seen  that  the 
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Fig.  1.  Spatial  distribution  in  diamond  of  the  implanted  species 
and  radiation  damage  calculated  by  Monte  Carlo  simulation. 

amount  of  radiation  damage  decreases  with  the  decrease 
of  ion  mass  (at  the  energy  of  350  keV,  the  number  of 
vacancies  produced  per  implanted  ion  is  56.  12  and  5  for 
He  \  D  1  and  H  !  ,  respectively).  According  to  the 
simple  model  there  must  be  direct  correlation  between 
these  numbers  and  corresponding  critical  doses  for 
graphitisation.  However,  our  studies  have  shown  that 
this  simple  suggestion  does  not  work,  partly  due  to  the 
interaction  of  radiation  defects  with  each  other  and  with 
implanted  or  background  impurities  neglected  by  Monte 
Carlo  simulation. 

3.2.  Z)  f  and  Hcr  implantation 

We  have  found  much  similarity  between  the  data 
referring  to  D  and  He  *  implantation,  with  proper 
dose  scaling  factor.  That  is  why  we  concentrate  on  the 
results  for  D  implantation  all  the  more  because  they 
are  of  particular  interest  in  comparison  with  those 
for  H  + . 

In  Fig.  2  optical  density  spectra  of  diamond  are 
shown  for  various  conditions  of  implantation  and 
annealing.  It  is  seen  that  absorption  of  implanted 
samples  (before  annealing)  is  dominated  by  two  broad 
bands  at  600  and  290  nm.  These  bands  (at  room 
temperature)  refer,  respectively,  to  the  GR1  and  GR2- 
8  optical  systems  produced  by  neutral  isolated  vacancies 
[4].  In  all  D  and  He  implanted  samples  the  vacancy 
absorption  bands  practically  disappear  after  annealing 
at  780:C. 

In  the  samples  implanted  with  6-12  x  10l6cm"2  of 
D  ions,  the  disappearance  of  the  vacancy  absorption 
after  annealing  at  780"C  and  higher  temperatures  is 
accompanied  by  emergence  of  interference.  This  indi¬ 
cates  that  in  the  depth  of  the  crystal  a  layer  is  formed 
(with  is  quite  smooth  judging  from  the  great  number  of 
periods  of  the  interference)  with  optical  parameters 
different  from  those  of  the  bulk  material.  Absorption 
spectra  (after  subtraction  of  the  interference)  are  very 
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Fig.  2.  Optical  density  spectra  of  diamond  samples  for  various 
conditions  of  D  *  implantation  and  annealing. 


similar  to  those  of  highly  oriented  pyrolytic  graphite 
[5,6].  Basing  upon  these  data  combined  with  the  sharp 
increase  of  conductivity  of  the  buried  layer  at  these 
conditions  we  can  state  that  the  graphitised  layer  is 
formed  in  the  depth  of  implanted  diamond  and 
vacancies  play  the  dominant  role  in  its  formation. 

The  depth  of  the  layer  determined  from  the  analysis  of 
the  interference  data  does  not  change  up  to  the 
annealing  temperature  1460  C  and  decreases  slightly 
with  the  increase  of  the  dose:  1774±4nm  for 
6  x  10K'cm  2  and  1665±4nm  for  12  x  10l6cnT" *\  These 
values  are  in  satisfactory  agreement  with  the  data 
inferred  from  Fig.  1  though  the  discrepancy  between 
the  experiment  and  the  theory  is  conspicuously  worse 
than  in  the  case  of  heavier  ions. 

In  the  annealing  temperatures  range  1460-1 600’ C,  the 
layer  increases  in  thickness  but  remains  quite  smooth.  At 
1660  C  its  optical  density  increases  sharply  and  the 
interference  disappears.  In  the  microphoto  of  the  sample 
it  is  seen  that  the  graphitised  layer  is  no  longer  smooth 
due  to  the  growth  in  the  ‘‘vertical'*  direction.  At  1700  C 
the  expanding  graphitised  layer  reaches  the  surface  of 
the  sample.  The  graphitisation  spreads  also  laterally 
from  the  boundary  of  the  implanted  areas  into  the 
undamaged  part  of  the  crystal.  There  are  some  points 
within  this  part  where  graphitisation  starts  without  any 
stimulation  by  external  agents. 

Our  results  on  Df  implantation  with  doses 
6—1 2  x  10l6cm  2  (as  well  as  those  for  heavier  ions 
with  properly  scaled  doses)  suggest  that  we  deal  with 
two  different  mechanisms  of  graphitisation:  “low 
temperature”  graphitisation  starting  at  ~800~C  and 
stimulated  by  vacancies  and  “high  temperature”  gra¬ 
phitisation  in  the  range  1 460-1700  C  which  is  the 
combination  of  the  process  stimulated  by  the  already 
(at  lower  temperatures)  formed  graphite  phase  and/or 
some  residual  defects  and  the  spontaneous  process 
dominating  at  1660-1700  C  without  any  evident  ex¬ 
ternal  agents. 
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3.3.  H+  implantation 

The  results  for  H+  implantation  are  quite  different 
from  those  presented  in  3.2  for  D  +  .  First  of  all,  for  the 
whole  range  of  doses  2-12  x  1016cm-2  no  graphitization 
is  observed  after  the  annealing  at  780°C,  while  vacancy 
related  absorption  disappears,  just  like  in  the  case  of  D  + 
implantation.  Optical  absorption  due  to  residual  radia¬ 
tion  damage  decreases  with  the  increase  of  annealing 
temperature. 

In  samples  implanted  with  H+  doses  12,  10  and 
8xlOl6cm~2,  starting  from  annealing  temperatures 
780°C,  1120°C  and  1350°C,  respectively,  weak  inter¬ 
ference  is  observed.  At  the  annealing  temperatures 
above  1460°C  the  amplitude  of  the  interference  increases 
sharply  indicating  the  formation  of  a  graphitised  layer. 
In  this  case  we  observe  quite  a  peculiar  kind  of 
graphitisation  accompanied  by  blistering,  i.  e.  formation 
of  bubbles  filled  with  a  gas  (hydrogen).  In  Fig.  3  it  is 
seen  that  the  dark  graphitised  layer  is  broken  into 
islands  with  dimensions  10—50  jli  separated  by  light 
colored  ungraphitised  areas.  The  bubbles  ~100p  in 
size  are  clearly  seen.  One  of  them  (in  the  low  right  corner 
of  the  figure)  is  broken,  its  upper  part  has  gone  forming 
a  pit  with  boundaries  oriented  along  crystallographic 
axes.  The  phenomenon  of  blistering  in  diamond  is 
similar  to  the  one  well  known  for  silicon  [7].  The 
implanted  hydrogen  atoms  form  relatively  stable  asso¬ 
ciations  with  radiation  defects  (passivation)  immediately 
after  implantation  or  at  early  stages  of  annealing.  At  the 
annealing  temperatures  higher  than  1460°C  these 
associations  are  broken  providing  both  the  lattice 
defects  and  free  hydrogen  atoms.  The  former  stimulate 
the  process  of  graphitisation  while  the  latter  can  at  these 
temperatures  diffuse  and  form  in  the  disordered  layer 
(and  only  in  this  layer)  the  hydrogen  filled  bubbles  of  a 


Fig.  3.  Microphoto  of  island  graphitization  and  blistering  in 
the  diamond  sample  implanted  with  8  x  10 16  cm-2  of  H+  and 
annealed  at  1460CC. 


peculiar  shape  with  lateral  dimensions  two  order  of 
magnitude  larger  than  the  thickness.  Nonuniformity  of 
the  graphitised  layer  and  the  presence  of  the  bubbles  do 
not  allow  quantitative  measurements  of  optical  absorp¬ 
tion.  However  the  interference  is  quite  strong  and  well 
resolved,  this  means  that  the  graphite  islands  are  all  at 
the  same  depth,  which  can  be  accurately  determined. 
This  depth  for  H+  implanted  samples  (1870nm)  is 
predictably  higher  than  that  for  D+  implantation 
(1770nm)  with  the  same  ( — 15%)  relative  deviation 
from  the  data  of  theory. 


4.  Discussion 

Among  the  results  of  the  present  work  which  need  to 
be  discussed  is  the  difference  in  characteristics  between 
the  graphitisation  processes  induced  by  implantation  of 
D+  and  H  +  .  In  the  first  case  we  observed  the  “low 
temperature”  (~800°C)  mode  of  graphitization  which 
can  be  directly  related  to  vacancies.  On  the  other  hand, 
in  H+  implanted  samples  this  stage  is  absent,  the 
graphitization  is  observed  starting  from  the  annealing 
temperature  1460°C  and  is  accompanied  by  blistering. 

Bearing  in  mind  chemical  identity  of  H  and  D  (and 
consequently  their  ability  to  passivate  lattice  defects)  it 
looks  strange  at  first  sight  that  there  is  no  blistering  in 
the  case  of  D+  implantation  and  no  low  temperature 
stage  for  H+  implantation.  The  explanation  might  be  in 
different  amount  of  radiation  damage  produced  by  H  + 
and  D+  (5  and  12  vacancies  per  ion,  respectively, 
according  to  the  Monte  Carlo  simulation  data).  With  all 
the  limitations  of  these  estimates,  with  the  lack  of  data 
referring  to  initial  (T  <  800°C)  stages  of  annealing  (in 
particular,  to  the  proportion  of  vacancies  annihilated 
with  interstitials)  we  might  cautionary  suggest  that  the 
passivation  effect  is  more  pronounced  for  H  +  implanta¬ 
tion.  In  this  case  considerable  fraction  of  radiation 
damage  which  survives  the  initial  stage  of  annealing  is 
passivated  by  hydrogen,  so  the  amount  of  “unpassi¬ 
vated”  damage  is  not  enough  to  stimulate  the  “low 
temperature”  graphitisation.  The  passivated  component 
of  radiation  damage  is  “stored”  up  to  the  annealing 
temperature  needed  to  break  the  associations  of  hydro¬ 
gen  atoms  with  defects  (and  to  start  both  graphitisation 
and  blistering).  On  the  other  hand,  in  D+  implanted 
samples  the  passivated  fraction  of  radiation  damage  is 
considerably  lower,  so  the  unpassivated  damage  (vacan¬ 
cies)  can  stimulate  the  “low  temperature”  graphitisation 
which  represents  a  drastic  change  of  the  structure  of  the 
material,  so  it  is  now  hardly  pertinent  to  speak  in  terms 
of  disruption  (at  higher  temperatures)  of  what  used  to  be 
associations  of  deuterium  atoms  with  defects  in  diamond 
lattice.  The  absence  of  deuterium  blistering  in  this  case 
can  be  attributed  both  to  its  lower  (compared  to 
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hydrogen)  diffusion  coefficient  in  diamond  and  to  its 
high  solubility  in  graphite. 

5.  Conclusions 

Our  studies  of  graphitisation  of  diamond  under 
various  conditions  of  implantation  and  annealing  have 
demonstrated  that  the  process  of  graphitisation  is  more 
complicated  than  it  was  previously  anticipated.  Of 
particular  interest  are  the  “low  temperature’'  graphitisa¬ 
tion  directly  related  to  vacancies,  the  specific  mechanism 
of  graphitisation  accompanied  by  blistering  in  H  * 
implanted  samples  and  high  temperature  graphitisation 
stimulated  by  residual  radiation  damage. 
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Abstract 

Electron  energy-loss  spectroscopy  (EELS)  performed  near  dislocation  cores  is  one  of  the  few  experimental  techniques 
that  can  yield  valuable  information  about  the  electronic  levels  associated  with  dislocations.  In  this  study,  using  ab  initio 
calculations,  we  model  and  predict  low-loss  and  core-excitation  EELS  spectra  acquired  on  various  dislocation  cores  in 
silicon  and  diamond,  and  compare  the  results  with  bulk  spectra.  In  diamond,  we  consider  in  particular  90°  partial  glide, 
undissociated  60°  shuffle,  and  30°  partial  dislocations.  We  find  evidence  of  empty  states  localized  on  diamond  shuffle 
dislocation  cores  and  positioned  below  the  bulk  band  edge,  which  modify  the  EELS  spectrum.  In  silicon,  we  find 
changes — analogous  to  those  seen  experimentally — in  core-excitation  EELS  near  stacking  faults  and  partial  glide 
dislocations.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71.55.— i;  78.20.Bh;  78.20.Ci 

Keywords:  Dislocation;  EELS;  Silicon;  Diamond 


The  presence  of  dislocations  in  semiconductor  crystals 
can  strongly  influence  the  electrical  and  optical  proper¬ 
ties  of  the  material.  The  growth  of  polycrystalline  CVD 
diamond,  in  particular,  generates  high  densities  of 
dislocations  (up  to  1012cm  2),  which  originate  in  the 
substrate-interface  region  and  can  propagate  through¬ 
out  the  thin  film  [1].  The  influence  of  these  structural 
defects  on  the  electrical  and  optical  properties  of  the 
material  is  determined  essentially  by  the  nature  of  the 
atom  bonding  at  the  dislocation  core.  The  atomic 
structure  of  dislocations,  and  their  dissociation  into 
partials,  has  been  widely  studied  experimentally  in 
silicon  and  diamond  by  transmission  electron  micro¬ 
scopy  [2,3].  However,  this  technique  does  not  yield  any 
information  about  the  electronic  structure  of  the 
dislocation  core.  Spatially  resolved  electron  energy-loss 
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spectroscopy  (EELS)  performed  near  dislocation  cores 
can  in  principle  yield  valuable  information  about 
electronic  levels  associated  with  dislocations,  both  with¬ 
in  and  above  the  band  gap.  Recent  EELS  experiments 
performed  near  dislocations  in  Si  [2]  and  diamond  [4] 
have  shown  differences  from  bulk  regions,  but  there  are 
still  issues  regarding  their  interpretation.  Such  informa¬ 
tion  could  prove  crucial  to  help  resolve  whether  any 
electrical  or  optical  activity  is  associated  with  undeco¬ 
rated  dislocations.  In  this  study,  we  perform  first- 
principles  simulations  of  a  variety  of  dislocation  cores, 
and,  by  means  of  a  simple  model,  we  identify  extended 
defect  structures  that  lead  to  changes  in  EELS  spectra 
compared  with  the  bulk  regions. 

We  perform  self-consistent  ab  initio  simulations  of 
dislocations  in  Si  and  diamond  crystals  within  the  local 
density  approximation  (LDA)  to  density  functional 
theory,  using  the  recently  enhanced  AIMPRO  code 
[5].  The  wave  functions  are  expanded  in  a  set  of  s, 
p ,  and  d  atom-centered  Gaussian  orbitals.  We  use 
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pseudopotentials  to  describe  the  ion  cores  [6].  A  single 
dislocation  is  placed  within  a  hydrogen-terminated 
nano-crystal  in  a  supercell,  thus  imposing  perfect 
periodicity  along  the  [110]  dislocation  core.  The  super¬ 
cells  contain  between  60  and  160  atoms,  and  are  fully 
relaxed  to  their  equilibrium  positions.  Initial  relaxations 
of  the  dislocation  cores  are  performed  using  the  self- 
consistent  charge  density  functional  tight-binding  meth¬ 
od  [7],  with  clusters  of  up  to  500  atoms.  The  dislocation 
cores  are  then  further  optimized  with  AIMPRO  to 
obtain  accurate  band  structures. 

Low-loss  EELS  results  from  electronic  transitions 
between  the  valence  bands  (VB)  and  the  conduction 
bands  (CB).  The  signal  obtained  experimentally  is 
usually  interpreted  as  being  representative  of 
-Imc(£,)_I,  where  e  =  rj  +  it>  is  the  dielectric  function 
and  E  is  the  energy  loss.  We  calculate  the  imaginary  part 
of  the  dielectric  function  in  the  dipole  approximation 
[8,9]: 

= -jPEk  nMn>i:<5(£*r  -  Ei  -  e).  (i) 

c.rji 

where  Q  is  the  unit  cell  volume,  and  | >  are  VB  and 
CB  states,  with  energies  £*',  respectively.  The  real  part 
of  the  dielectric  function  is  obtained  through  a 
Kramers-Kronig  (KK)  transformation. 

Core-excitation  EELS  results  from  electronic  transi¬ 
tions  between  deep  core  states  and  the  CB.  In  view  of  the 
localization  of  the  initial  state  on  an  atom,  core  EELS 
spectra  are  related  to  an  angular  momentum  projected 
local  density  of  states  on  the  atom.  If  the  initial  core 
state  )  is  s-like  (as  for  the  diamond  K-edge),  the  core 
EELS  spectrum  from  an  atom  at  R  is  proportional  to  a 
/>projected  local  density  of  states  at  /?,  written 
symbolically  as 

IR(E)  =  5j<n^> |2<5(£J  -  Ej  -  E ),  (2) 

i.k 

where  £,  =  £a  -f  AF(/?).  £,  (£a)  is  the  core  level  for  the 
solid  (for  the  atom,  respectively).  To  first-order  pertur¬ 
bation,  A V{R)  is  the  difference  in  potential  at  the  atomic 
core  between  the  bulk  and  the  atom.  In  Si,  we  find 
A  V{R)  varies  by  ±0.15eV  near  the  dislocation,  and,  as  a 
first  approximation,  we  neglect  it  in  the  following.  This 
level  of  theory  makes  no  account  of  final  state  effects, 
which  should  in  principle  include  interactions  between 
the  excited  electron  and  the  hole.  However,  as  we  show 
below,  it  allows  a  qualitative  understanding  of  EELS 
spectra,  and  permits  comparisons  between  bulk  and 
defect  regions  to  be  made.  The  scissor  operator  is  used 
to  adjust  calculated  LDA  band  gaps  to  experimental 
ones.  The  Brillouin  zone  (BZ)  integrations  are  per¬ 
formed  using  1000-5300  A'-points  for  bulk,  and  50-150 
A'-points  for  supercells.  Core  EELS  spectra  are  displayed 
with  a  Gaussian  broadening  of  0.4 eV  for  Si,  and  0.8  eV 
for  diamond.  Low-loss  EELS  spectra  are  broadened 


using  a  Lorentzian  function,  which  conveniently  allows 
an  analytical  KK  transformation. 

We  start  by  considering  the  core-excitation  EELS 
spectrum  of  bulk  diamond,  shown  in  Fig.  1,  where  we 
compare  it  with  two  experimental  observations.  Quali¬ 
tative  agreement  between  the  computed  and  measured 
values  is  obtained  and  the  peak  positions  are  well 
described.  Oscillations  in  the  theoretical  spectrum  at 
high  energies  are  calculational  artifacts  that  result  from 
convergence  difficulties  with  the  BZ  integrations.  Ab¬ 
sorption  seen  experimentally  below  the  band  gap  may  be 
attributed  primarily  to  surface  effects,  particularly  for 
the  experimental  data  acquired  on  diamond  nano¬ 
crystals  [1 1]. 

In  Si  and  diamond,  6CT  glide  dislocations  dissociate 
into  30'  and  90  partial  dislocations  [10,3].  These  partial 
dislocations  are  believed  to  have  reconstructed  cores 
consisting  entirely  of  four-fold  co-ordinated  atoms.  In 
diamond,  we  have  studied  the  low-loss  and  core¬ 
excitation  EELS  spectra  of  the  undissociated  60'  glide, 
as  well  as  the  3(T'  and  9(F  partial  glide  dislocations.  A 
typical  result  for  glide  dislocations  is  shown  in  Fig.  2A, 
where  we  consider  the  lowest-energy  form  of  the  90' 
partial,  which  possesses  a  double-period  reconstruction 
along  its  core  [10].  We  find  no  evidence  of  gap  states 
associated  with  the  undecorated  glide  dislocations,  and 
only  small  changes  in  the  corresponding  EELS  spectra 
compared  with  bulk. 

In  diamond-structured  semiconductors,  the  (111) 
planes  of  atoms  are  alternately  separated  by  long  and 


Fig.  1.  Theoretical  K-edgc  EELS  spectrum  of  bulk  diamond 
(solid  line),  compared  with  experimental  data  on  type-IIb 
diamond  from  Brulcy  and  Batson  [4]  (crosses)  and  on  diamond 
nano-crystals  from  Gut  tier rez-Sosa.  et  al.  at  UMIST  [11] 
(squares).  The  results  arc  given  in  arbitrary  units,  and  the 
energy  zero  is  set  at  the  conduction  band  minimum  (CBM), 
where  the  curves  have  been  aligned. 
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Fig.  2.  Atomic  structure,  band  structure  along  the  dislocation  core  in  the  gap  region,  imaginary  part  of  the  dielectric  function,  and 
predicted  K-edge  EELS  spectrum  for  a  90°  glide  partial  dislocation  with  a  double-period  reconstruction  (panel  A),  a  60°  shuffle 
dislocation  (panel  B),  and  a  30°  partial  dislocation  with  an  open  core  (panel  C)  in  diamond.  Lighter  (darker)  atoms  indicate  the 
stacking  faults  (inserted  atoms,  respectively).  In  view  of  the  double-period  reconstruction,  the  BZ  of  structure  A  is  folded  to  half  the 
thickness  of  those  of  structures  B  and  C.  In  the  band  structures,  squares  indicate  filled  states  and  crosses  indicate  empty  states  of  a 
neutral  dislocation.  The  dielectric  function  is  shown  for  incident  beams  polarized  in  the  [1  1  2]  x  (thin  line)  and  [1 1  1]  y  (thick  line) 
directions  orthogonal  to  the  dislocation  axis.  For  core-excitation  EELS  spectra,  the  energy  zero  is  set  at  the  CBM.  Energy  scales  are 
given  in  eV. 


short  distances.  Shuffle  dislocations  differ  from  glide 
dislocations  in  that  the  removed  half-plane  of  atoms 
terminates  after  a  short,  rather  than  a  long,  inter-plane 
separation.  We  have  studied  the  undissociated  60° 
shuffle  dislocation  in  diamond,  shown  in  Fig.  2B,  and 
its  dissociation  into  30°  and  90°  partials.  Since  shuffle 
dislocations  can  be  obtained  from  glide  dislocations  by 
inserting  (or  equivalently  removing)  an  extra  row  of 
atoms,  several  core  structures  of  the  dissociated  shuffle 
dislocation  are  possible.  One  of  these  is  shown  in 
Fig.  2C,  and  corresponds  to  a  30°  partial  with  an  open 
core.  This  core  structure  could  be  obtained,  for  example, 
by  the  dissociation  of  Fig.  2B  into  Figs.  2A  and  C. 

For  diamond  shuffle  dislocations  (Fig.  2B)  and  open- 
core  partial  dislocations  (Fig.  2C),  we  find  evidence  of 
empty  states  localized  on  the  dislocation  cores  below  the 
conduction  band  edge.  If  core-excitation  EELS  is 


performed  on  these  dislocations,  the  empty  gap  states 
create  supplementary  absorption  peaks  below  the 
conduction  band  minimum  (CBM),  which  could  ac¬ 
count  for  the  EELS  experimental  evidence  [4].  Strong 
differences  in  the  imaginary  part  of  the  dielectric 
function  for  the  structures  in  Figs.  2B  and  C,  compared 
with  bulk  regions,  also  lead  to  changes  in  the  predicted 
low-loss  EELS. 

Turning  to  Si,  we  show  in  Fig.  3  the  predicted  EELS 
spectra  acquired  at  an  intrinsic  stacking  fault,  at  a  30° 
glide  partial  dislocation,  and  at  a  90°  glide  partial 
dislocation  with  a  double-period  reconstruction.  None 
of  these  defects  possess  deep  gap  levels.  Experimental 
results  of  this  kind  have  been  obtained  recently  [2].  We 
note  that  there  is  a  small  predicted  increase  in  the  EELS 
spectrum  around  0.5  eV  above  the  CBM  for  the  90° 
partial,  as  also  evidenced  experimentally.  The  number 
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Fig.  3.  Theoretical  core-cxcitation  EELS  spectra  for  bulk,  a  90 
glide  partial  with  a  double-period  (DP)  reconstruction,  a  30 
glide  partial,  and  an  intrinsic  stacking  fault  (ISF).  These  spectra 
are  determined  by  averaging  over  core  excitations  calculated  for 
several  atoms  bordering  the  defects.  The  energy  zero  is  set  at  the 
CBM  in  each  case. 


and  the  positions  of  the  first  few  peaks  in  the  EELS 
spectra  differ  from  one  structure  to  the  other,  as  also 
seen  in  the  experiment.  In  view  of  the  simple  theoretical 
model  used  here,  these  results  should  be  taken  as  a 
qualitative  guide  to  the  experimental  observations. 

In  summary,  we  find  that  changes  in  the  densities  of 
empty  states  at  shuffle  dislocations  create  strong 
differences  in  both  low-loss  and  core-excitation  EELS 
of  diamond.  Reconstructed  glide  dislocations  in  dia¬ 


mond,  however,  create  only  small  differences  in  the 
EELS  signal  on  and  off  the  core.  In  silicon,  similar  small 
differences  in  core  EELS  are  found  near  partial 
dislocations.  Future  developments  of  the  theory,  which 
are  underway,  will  include  accounting  for  the  electron- 
hole  interactions  in  core  EELS. 

The  authors  would  like  to  thank  A.Gutierrez-Sosa, 
A.J.  Harvey,  and  U.  Bangert,  for  stimulating  discussions 
and  for  providing  experimental  data  on  diamond. 


References 

[1]  J.E.  Gracbner,  et  al.,  Phys.  Rev.  B  50  (1994)  3702. 

[2]  P.E.  Batson.  Phys.  Rev.  Lett.  83  (1999)  4409. 

[3]  P.  Pirouz.  et  al..  Proc.  Roy.  Soc.  London  A  386  (1983)  241. 

[4]  J.  Brulcy.  P.E.  Batson,  Phys.  Rev.  B  40  (1989)  9888. 

[5]  P.R.  Briddon.  R.  Jones.  Phys.  Stat.  Sol.  B  217  (2000)  131. 

[6]  G.B.  Bachclct,  D.R.  Hamann.  M.  Schliiter,  Phys.  Rev.  B 
26  (1982)4199. 

[7]  M.  Elstncr.  et  al..  Phys.  Rev.  B  58  (1998)  7260. 

[8]  G.F.  Bassani.  G.  Pastori  Parravicini.  in:  R.A.  Ballinger 
(Ed.).  Electronic  States  and  Optical  Transitions  in  Solids. 
International  Scries  of  Monographs  in  the  Science  of  the 
Solid  State,  Vol.  8.  Pergamon  Press.  Oxford.  1975. 

[9]  A.J.  Read.  R.J,  Needs.  Phys.  Rev.  B  44  (1991)  13071. 

[10]  R.W.  Nunes,  J.  Bennctto,  D.  Vanderbilt.  Phys.  Rev.  B  58 
(1998)  12563. 

[11]  A.  Guticrrcz-Sosa.  U.  Bangert.  A.J.  Harvey,  private 
communication  (unpublished). 


ELSEVIER 


Physica  B  308-310  (2001)  581-584 


www.elsevier.com/locate/physb 


The  variation  of  optical  absorption  of  CVD  diamond 
as  a  function  of  temperature 

Clara  Piccirilloa’*,  Gordon  Daviesa,  Alison  Mainwooda,  C.M.  Penchinaa’b 

A  Physics  Department,  King’s  College  London,  Strand,  London  WC2R  2LS,  UK 
b  Department  of  Physics,  University  of  Massachusetts,  Amherst,  MA  01003-4525,  USA 


Abstract 

The  infrared  absorption  of  CVD  diamond  films  is  reported  as  a  function  of  temperature  in  both  intrinsic  and  boron- 
doped  samples.  In  pure  diamond,  because  of  the  inversion  symmetry  of  the  lattice,  there  is  no  one-phonon  IR 
absorption,  but  there  are  bands  corresponding  to  the  interaction  of  the  photon  with  two  or  more  phonons.  We  fit  the 
measured  temperature  dependence  of  the  absorption  by  including  the  Bose-Einstein  factors  for  the  two  phonons 
involved  at  each  energy. 

The  infrared  absorption  of  boron  was  measured  in  the  range  500-5000  cm-1  between  14  and  630  K.  We  show  that  the 
temperature  dependence  of  the  absorption  can  be  understood  in  terms  of  thermal  ionisation  and  thermal  transitions 
between  electronic  states.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Diamond;  Boron;  Infrared  absorption;  Phonons 


1.  Introduction 

Pure  diamond  has  negligible  absorption  for  photons 
with  energies  below  the  band  gap  at  5.47  eV  except  for 
the  region  in  the  infrared  between  1500  and  4000  cm-1 
(0. 18-0.5  eV)  at  low  temperatures.  Absorption  of  a 
photon  to  produce  a  single  phonon  is  forbidden  by 
symmetry,  but  the  creation  of  two  or  more  phonons 
gives  a  weak  absorption.  This  has  been  studied  to  try  to 
determine  the  energies  of  the  phonons  at  high  symmetry 
points  in  the  Brillouin  zone  [1-4].  In  this  paper  we 
interpret  the  temperature  dependence  of  the  absorption 
in  terms  of  the  phonons  which  contribute. 

If  the  symmetry  of  the  lattice  is  broken  by  the  addition 
of  impurities  or  dopants,  then  some  one-phonon 
absorption  is  allowed.  This  is  well  known  for  nitrogen, 
where  the  one-phonon  absorption  is  used  to  determine 
the  concentration  of  the  nitrogen  and  its  complexes  [5]. 
For  the  only  effective-mass-like  acceptor,  boron,  an 
infrared  spectrum  in  the  range  500-5000  cm-1  (0.06- 
0.62  eV)  is  observed.  This  spectrum  consists  not  only  of 
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a  one-phonon  peak,  but  also  of  absorption  due  to 
electronic  excitations  between  bound  states  of  the  boron, 
ionisation  of  the  boron  and  transitions  of  holes  between 
valence  band  states  [6-8],  all  of  which  vary  strongly  with 
temperature. 

2.  Experimental  details 

Absorption  measurements  were  made  using  a  Perkin 
Elmer  1720  Fourier  transform  spectrometer.  The  sample 
was  mounted  in  an  Oxford  Instruments  flow  cryostat  for 
measurements  down  to  14  K.  Measurements  up  to  620  K 
were  made  in  a  custom  made  cell  fitted  with  a  resistive 
coil  heater  that  was  in  contact  with  the  copper  sample 
holder.  A  heat  shield  reduced  the  emission  from  the  hot 
sample  stage  that  could  be  radiated  to  the  detector.  The 
samples  were  CVD  diamond  plates  of  at  least  8  mm 
square,  to  decrease  the  effect  of  emission  from  the 
sample  mount. 

Surveys  of  the  boron-containing  samples  were  made 
at  room  temperature  using  a  Nicolet  FTIR  coupled  to  a 
microscope  stage.  No  inhomogeneities  were  detected  in 
the  spectra  recorded  through  25  pm  square  apertures,  on 
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a  much  smaller  scale  than  the  3  mm  diameter  focus  used 
for  the  temperature-dependent  measurements.  The 
samples  were  chosen  so  that  the  boron  concentrations, 
determined  by  the  calibration  of  Collins  and  Williams  [9] 
from  the  absorption  in  the  2800  cm  "1  absorption  line, 
varied  from  6.8 ±0.3  x  10lf’  to  3.2 ±0.2  x  10,scm  \  A 
pure  sample  of  CVD  diamond  was  used  as  a  reference 
sample  to  remove  the  intrinsic  absorption  from  the 
spectra. 


3.  Intrinsic  absorption 

Fig.  1  shows  the  intrinsic  absorption  at  room  tem¬ 
perature.  The  peaks  identified  in  Ref.  [4]  are  indicated. 
The  two-phonon  absorption  in  the  range  -1400- 
2665  cm  1  sits  on  top  of  a  very  weak  3-phonon 
absorption,  which  has  been  removed  in  the  analysis. 

In  order  to  conserve  energy,  the  sum  of  the  energies  of 
the  two  phonons  involved  must  equal  the  energy  of  the 
photon.  To  conserve  momentum,  the  wave  vectors  of 
the  two  phonons  must  be  equal  and  opposite,  since  the 
wave  vector  of  a  photon  is  negligible  compared  to  that 
of  the  phonons.  Two  identical  phonons  cannot  be 
created  by  a  photon  because  that  implies  the  creation  of 
an  electrical  dipole,  so  two  different  branches  of  the 
phonon  dispersion  curves  are  required.  The  phonon 
dispersion  curves  for  diamond  (for  example  [10]) 
indicate  that  the  energies  at  which  one  would  expect 
high  intensities  are  at  the  zone  boundaries  where  there 
are  large  regions  of  k-space  with  phonons  of  near 
constant  energy.  In  particular  the  zone  boundaries  at  X, 
W,  L  and  K  show  levelling  out  of  at  least  some  of  the 


phonon  branches  [10].  As  examples  of  this,  Vogelgesang 
et  al.  [4]  have  identified  the  prominent  peaks  labelled  9, 
12  and  14  on  Fig.  1  with  transitions  involving  phonons 
at  I  along  (110)  branches,  very  close  to  K,  and  rather 
smaller  features  labelled  8  and  15  with  the  X  and  W 
points. 

At  higher  temperatures  the  number  of  phonons 
created  with  energy  £,  varies  as  (1  +  /?(£)),  where  n(E) 
is  a  Bose-Einstein  factor.  Hence,  for  any  pair  of 
phonons  of  energy  E\  and  E2  created  by  a  photon  of 
energy  (£|+£2),  the  intensity  of  the  absorption  is 
proportional  to  [1] 

(1  +/?(£i))(l  +  /?(£:)).  (1) 

Fig.  2  shows  the  absorption  spectra  at  temperatures 
up  to  598  K,  showing  a  substantial  increase  in  absorp¬ 
tion  at  higher  temperatures. 

Using  the  identification  of  the  phonons  listed  by 
Vogelgesang  et  al.  [4],  we  have  calculated  the  tempera¬ 
ture  dependence  of  the  main  features  of  the  spectrum. 
Fig,  3  shows  that  several  of  the  peaks,  such  as  3,  14  and 
19,  agree  very  well  with  experiment,  but  others,  for 
example  peaks  8,  9,  and  12,  do  not.  It  is  possible  that  the 
phonon  branches  involved  in  the  absorption  have  been 
misidentified — for  example  reassigning  the  lower  energy 
phonon  involved  in  peaks  9  and  12  to  rather  than 

Z°'(A)  fits  the  temperature  dependence  satisfactorily. 

4.  Boron  one-phonon  absorption 

The  one-phonon  absorption  due  to  boron  overlaps 
the  intrinsic  two  and  three  phonon  bands  discussed 
above.  Therefore,  we  have  subtracted  the  intrinsic 


Fig.  1.  Intrinsic  absorption  of  diamond  at  room  temperature  in  the  two-phonon  region.  The  peaks  are  labelled  as  in  Ref.  [4]  and  with 
the  high  symmetry  points  with  which  the  relevant  phonons  arc  associated,  as  described  in  the  text. 


C.  Piccirillo  et  al.  /  Physica  B  308-310  (2001)  581-584 


583 


Fig.  2.  The  infrared  absorption  at  temperatures  of  302,  351, 448,  515,  556  and  598  K,  showing  the  monotonic  increase  in  absorption  as 
the  temperature  rises. 


Temperature  (K) 


- Peak  3  -  theory 
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- Peak  8  -  theory 
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Fig.  3.  The  variation  as  a  function  of  temperature  of  some  of 
the  peaks  identified  in  Fig.  1.  The  lines  show  the  theoretical  fit 
(Eq.  (1))  using  the  phonon  energies  listed  in  Ref.  [4]. 


Fig.  4.  The  infrared  absorption  at  27  K  (broken  line)  and  300  K 
(continuous  line)  in  boron-doped  diamond.  The  intrinsic 
absorption  has  been  subtracted.  The  labelled  features  are 
explained  in  the  text. 


absorption  spectrum  recorded  at  the  same  temperature 
from  each  spectrum  of  the  boron-containing  samples. 
Spectra  were  acquired  in  the  temperature  range  14— 
620  K.  Fig.  4  shows  the  infrared  spectrum  of  one  sample 
at  room  temperature  compared  with  the  spectrum  at 
27  K.  The  two  peaks  labelled  I  and  II  correspond  to 
electronic  transitions  at  the  boron  acceptor  and  the  third 
peak  (labelled  III  on  Fig.  4)  to  the  creation  of  a  single 
phonon  (allowed  by  the  presence  of  the  boron).  Also 
noticeable  is  the  increase  of  background  absorption 
above  about  3000  cm-1  due  to  ionisation  of  the  boron 
and  at  lower  energies  due  to  the  transitions  of  holes 
already  in  the  valence  band  between  valence  band  states. 
A  Fano  resonance  at  the  Raman  energy  (1332.5  cm-1)  is 
marked  in  the  inset  in  Fig.  4  by  an  asterisk. 

In  order  to  compare  the  data  from  the  four  samples, 
in  Fig.  5a-c,  the  integrated  areas  under  the  three  peaks  I, 


II  and  III,  respectively,  have  been  normalised  by 
dividing  by  the  integrated  area  extrapolated  to  zero 
temperature.  Fig.  5a-c  shows  the  variation  with  tem¬ 
perature  for  the  three  peaks.  Each  shows  a  decrease  in 
absorption,  A,  at  higher  temperatures  due,  we  can 
assume,  to  thermally  induced  effects,  and  can  be  fitted 
by  the  function: 


1  +  bx  exp(- A E{  jkT)  A-  b2  exp(- A E2/kT)’ 

for  peaks  I  and  III,  where  k  is  Boltzmann’s  constant, 
and  b\  and  b2  are  degeneracy  parameters.  The  two 
activation  energies  are:  AE)  =  65  +  7  meV  (524  + 
56  cm‘ 1 ),  A£2  =  384  +  80  meV  (3 1 00  ±  40  cm” 1 )  for  peak 
I  (Fig.  5a).  For  the  one-phonon  transition — peak  III 
(Fig.  5c)  the  energy  values  were:  A£j  =  69  + lOmeV 
(556 +  80 cm”1),  A E2  =  218±45meV  (mO+SOOcm”1). 
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T(K) 

Fig.  5.  The  temperature  dependence  of  the  normalised  inte¬ 
grated  areas  under  the  three  peaks  labelled  (a)  I.  (b)  II  and  (c) 
III  in  Fig.  4.  The  lines  show  the  fit  using  Eqs.  (2),  (3)  and  (2), 
respectively. 

For  peak  II  (Fig.  5b),  an  additional  transition  at  very 
low  temperatures  was  evident  and  a  third  exponential 
was  necessary  to  fit  the  data 


at  506  (347+159)  and  464  (305+  159)meV,  indicated 
the  internal  transition  of  the  hole  to  excited  states  with 
the  emission  of  one  phonon  of  a  typical  optic  phonon 
energy  of  159 meV  (1282cm  ’) — they  are  marked  with 
A  and  B,  respectively,  in  Fig.  4.  In  the  case  of  peak  (III), 
the  ionisation  of  the  boron  takes  place  with  the 
absorption  of  one  phonon — it  can  be  seen  that 

A£-ionjt;-A£phon  =  380-159  =  221  meV(1782  cm"1) 

This  result  is  in  agreement  with  the  energy  A E2  for 
peak  III. 

5.  Conclusions 

The  temperature  dependence  of  the  infrared  absorp¬ 
tion  in  intrinsic  and  boron-doped  diamond  has  been 
studied  in  order  to  investigate  the  detailed  processes 
involved.  For  pure  diamond,  the  temperature  depen¬ 
dence  of  the  peaks  in  the  two  phonon  band  can  be 
understood  in  terms  of  the  phonons  at  high  symmetry 
points  in  the  Brillouin  zone.  In  boron-doped  diamond, 
the  absorption  peaks  are  due  to  internal  electronic 
transitions  and  one-phonon  excitations. 
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Abstract 

A  narrow  (few  meV  halfwidth)  dip  was  observed  at  1.682  eV  in  the  photocurrent  (PC)  spectra  from  diamond  films 
grown  by  chemical  vapour  deposition  (CVD).  The  shape  of  the  dip  matched  that  of  the  absorption  line  from  the  well- 
known  1.682  eV  Si-related  centre.  However,  optical  absorption  measurements  show  that  it  cannot  be  explained  by 
straight  absorption  of  light  at  the  1.682  eV  centre.  A  similar  appearance  of  narrow  peaks  was  observed  in  PC  and 
absorption  spectra  for  the  interstitial-related  3  H  centre  in  this  work  and  for  the  vacancy-related  GR1-8  and  ND1  lines 
previously.  The  phenomenon  can  be  explained  by  suggesting  involvement  of  electron  transfer  process:  e.g.,  electrons 
from  the  excited  states  of  a  given  centre  are  captured  by  the  defects  responsible  for  the  background  PC,  thus  PC- 
(in)activating  the  latter.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  CVD  diamond;  Absorption;  Photoconductivity;  Vacancies 


1.  Introduction 

Most  diamond  films  grown  by  chemical  vapour 
deposition  (CVD)  show  an  optical  signal  at  1.682eV. 
It  has  been  thoroughly  characterised  by  optical  absorp¬ 
tion  and  luminescence  techniques  [1,2].  The  results 
suggest  it  to  correspond  to  a  defect  centre  that  has  a 
C2  symmetry  axis  and  contains  a  Si  atom  and  a  vacancy. 
In  samples  grown  on  Si  substrates,  most  of  the  1 .682  eV 
centres  are  concentrated  within  a  1-pm-thick  surface 
layer  at  the  substrate  side  of  the  CVD  film.  The  intensity 
of  the  1.682  eV  optical  absorption  peak  can  be  enhanced 
up  to  10  times  by  UV  illumination,  and  the  photo- 
induced  changes  decay  on  a  time-scale  of  hours.  Some 
photocurrent  (PC)  spectra  from  CVD  diamond  show  a 
dip  at  1.682eV  too,  whose  shape  resembles  the  1.682  eV 
absorption  line.  This  observation  was  interpreted  as  self¬ 
absorption  of  incident  light  by  the  1.682  eV  centres  [1,3]. 
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In  this  report  we  demonstrate  that  self-absorption 
cannot  explain  the  strength  of  the  1.682eV  PC  dip. 
Alternatively,  a  simple  model  is  proposed,  which 
considers  an  electron  transfer  from  the  excited  states 
of  the  1.682eV  centres  to  the  defects  responsible  for  the 
background  PC.  It  is  suggested  that  this  model  can 
provide  a  natural  explanation  of  the  narrow  lines 
observed  in  PC  spectra  of  irradiated  diamonds. 


2.  Experimental  details 

Polycrystalline  diamond  films  with  random  orienta¬ 
tion  of  the  grains  have  been  grown  by  microwave- 
assisted  CVD  on  Si  substrates  [1].  The  substrates  were 
removed  by  acid  etching.  Thermally  evaporated  gold 
was  used  for  electrical  contacts.  Preliminary  experiments 
showed  that  this  resulted  in  a  low-resistive  Ohmic 
contact  at  the  rough  growth  side  of  the  films  and  a 
highly  resistive  contact  at  the  smooth  substrate  side. 
Therefore,  two  contacts  were  evaporated  on  the 
rough  side  of  a  50-pm-thick  film,  forming  a  gap-cell 
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configuration  with  contact  spacing  of  1  mm  and  contact 
width  of  2  mm,  being  equal  to  the  sample  width.  Wires 
were  attached  to  the  contacts  using  silver  paint,  which 
also  masked  all  the  film  area,  except  for  the  1  x  2  mm2 
gap  between  the  contacts.  The  sample  was  mounted  on 
top  of  a  2  x  2mm~  flat  Si  diode  and  illuminated  by  light 
from  a  50  W  halogen  lamp  passed  through  a  mono¬ 
chromator.  No  narrow  spectral  features  were  found  in 
the  spectrum  of  the  illumination  source.  In  this 
arrangement,  transmittance  and  PC  spectra  were  simul¬ 
taneously  measured  from  the  same  sample  area.  For  UV 
illumination,  light  from  a  pulsed  N2  laser,  providing 
100-pJ  3-ns  pulses  at  3.678  eV  with  a  frequency  of  35  Hz, 
was  directed  at  the  sample  for  10  min.  A  DC  voltage  of 
MOV  was  applied  to  the  contacts.  Applied  voltage  had 
no  effect  on  the  absorption  spectra. 

Some  of  the  studied  CVD  samples  have  been 
irradiated  by  a  dose  of  10,sMeV  neutrons/cm2  at  the 
Research  reactor  of  the  Moscow  Engineering  Physics 
Institute. 


3.  Results 

Fig.  I  presents  the  room-temperature  transmittance 
and  PC  spectra  observed  in  the  1. 62-1. 74 eV  range  from 
an  as-grown  CVD  film  before  and  right  after  UV 
illumination.  More  extended  spectra  have  been  pre¬ 
sented  and  analysed  previously  [1].  The  background  PC 
is  a  quasi-plateau,  following  a  broadened  threshold  at 
~0.8eV.  The  threshold  is  probably  due  to  electron 
transitions  from  the  valence  band  to  a  distribution  of 
levels  centred  around  £v  +  0.8eV,  attributed  to  dan¬ 
gling  bond  related  defects.  The  1.682eV  dip  is  present 
both  in  transmittance  and  PC  spectra,  being  less  intense 
in  the  former.  UV  illumination  induced  the  following 


changes:  The  amplitude  of  the  transmittance  dip 
increased  1.7  times.  The  background  PC  increased 
about  5  times,  with  an  apparent  change  in  slope. 
However,  the  relative  intensity  of  the  1.682eV  dip  in 
the  PC  spectrum  remained  constant  within  20%. 

Fig.  2  shows  room-temperature  transmittance  and  PC 
spectra  in  the  2.35-2.55  eV  range  from  a  neutron- 
irradiated  CVD  film.  A  dip  at  2.463  eV,  attributed  to 
an  interstitial-related  3H  centre,  is  present  in  both 
spectra,  being  more  pronounced  in  PC  as  was  the  case 
for  the  1.682eV  dip  in  Fig.  1.  The  background  PC 
originates  from  a  threshold  at  - 1  eV.  Previous  PC  and 
photo-Hall  studies  of  irradiated  diamonds  [4-6]  reported 
detection  of  the  narrow  vacancy-related  features  ND1 
and  GR1,  GR2...  GR8  both  in  absorption  and  PC 
spectra,  measured  at  8  or  80  K.  In  the  PC  spectra  the 
GRI  line  with  associated  vibronic  sideband  was 
observed  as  dips,  but  the  ND1  and  GR2-8  systems 
were  present  as  peaks.  Attempts  to  reproduce  those 
PC  results  in  this  work  failed  because  of  a  strong 
decrease  in  PC  signals  when  cooling  the  sample. 
Meanwhile,  those  peaks  could  not  be  resolved  at  room 
temperature. 

No  changes  could  be  induced  by  UV  illumination  in 
the  spectra  of  Fig.  2,  however,  the  following  observation 
has  been  made:  The  sample  used  for  the  Fig.  2  was 
subjected  to  isochronal  (1  h)  annealing  at  different 
temperatures  in  the  range  200-1 100?C." Annealing  in 
the  range  500-1 000^C  resulted  in  the  apparent  removal 
of  the  3  H  absorption.  However,  it  could  be  restored  by 
the  mentioned  UV  illumination.  After  annealing  at  T  — 

1 1 00°C  the  3  H  centre  could  not  be  seen  either  with  or 
without  UV  illumination.  This  observation  along  with 
our  previous  results  [7]  shows  that  the  interstitial-related 
3  H  centre  is  stable  up  to  the  temperature  of  1000'C,  but 
not  40CTC,  as  widely  believed. 
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Fig.  1.  Transmittance  and  photocurrent  spectra  (300  K)  from 
as-grown  CVD  diamond  film  before  and  after  UV  irradiation. 
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Fig.  2.  Transmittance  and  photocurrent  spectra  (300  K)  from 
neutron-irradiated  CVD  diamond  film. 
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4.  Discussion 

The  differences  in  the  intensity  of  the  1 .682  eV  dip  in 
the  transmittance  and  PC  spectra  of  Fig.  1  exclude  self¬ 
absorption  of  light  as  the  reason  of  the  PC  dip.  The 
1.682eV  transmittance  line  corresponds  to  internal 
resonant  excitation  of  a  Si-related  centre.  In  order  to 
explain  the  effect  of  such  process  on  PC  the  following 
charge-transfer  model  is  proposed.  It  assumes  that 
electrons  from  the  excited  states  of  the  1.682eV  centres 
can  be  transferred  to  defects,  termed  X,  responsible  for 
the  broadband  background  PC.  Transfer  of  excitation 
between  different  defects  is  rather  common  for  diamond 
[2,8].  The  E\  +  0.8  eV  levels  of  the  X  defects  become 
populated  and  do  not  contribute  anymore  to  PC,  at  least 
at  energies  below  4eV.  As  a  result,  PC  is  selectively 
quenched  at  the  energy  of  the  1.682  eV  absorption  line. 
By  changing  the  relative  concentrations  and  occupancies 
of  the  1.682-eV  and  X  centres  it  is  possible  to  alter  the 
relative  intensities  of  the  1 .682  eV  dips  in  transmittance 
and  PC  spectra  in  a  wide  amplitude  range.  UV 
illumination  could  induce  all  those  processes,  but  at 
non-equal  rates,  thus  affecting  differently  the  transmit¬ 
tance  and  PC  spectra  of  Fig.  1 . 

The  charge-transfer  model  can  be  directly  transferred 
from  the  1.682-eV  to  the  3H  centre:  Previous  photo- 
Hall  measurements  reveal  that  the  background  PC  from 
irradiated  diamond  in  the  1-3  eV  range  corresponds  to 
electron  transitions  from  the  valence  band  to  a 
isv+leV  level  [5,6].  As  in  the  case  of  the  1.682  eV 
centre,  electron  transfer  from  the  excited  state  of  the  3  H 
centre  to  the  E\  +  1  eV  level  can  naturally  explain 
resonant  PC  decrease  at  2.463  eV  (Fig.  2). 

It  is  possible  that  the  defects,  responsible  for  the 
£V  +  1  eV  level  in  irradiated  diamond  and  for  the 
E\  +  0.8  eV  level  in  as-grown  CVD  films,  have  a 
common  dangling  bond  related  origin. 

The  charge-transfer  model  can  also  be  applied  to 
narrow  peaks  in  PC  from  irradiated  diamonds,  attrib¬ 
uted  to  the  ND1  and  GR1-8  absorption  lines.  The  GR1- 
8  absorption  peaks  were  unambiguously  identified  as 
due  to  the  transitions  from  a  common  ground  state  to  a 
series  of  excited  states  at  neutral  vacancy  (V°)  in 
diamond,  while  the  ND1  line  is  assigned  to  the  internal 
excitation  of  V“  [9].  Photo-Hall  measurements  reveal 
that  the  GR2-8  and  ND1  PC  peaks  correspond  to  p-type 
and  n-type  conductivity,  respectively  [5,9].  The  sharp¬ 
ness  of  the  features  suggests  that  none  of  the  corre¬ 
sponding  defect  levels  situate  within  the  valence  or 
conduction  band  of  diamond.  Meanwhile,  low  tempera¬ 
ture  of  those  measurements  (8-80  K)  should  have 
suppressed  photothermal  ionisation  processes. 

Currently  tolerated  explanations  for  the  ND1  and 
GR2-8  PC  peaks  imply  the  following:  The  GR2-8  lines 
are  attributed  to  a  complex  multi-electron  excitation  at 
V°  (see  [10,1 1]  for  details),  which,  along  with  the  internal 


excitation  of  V°,  produces  a  hole  in  the  valence  band  of 
diamond.  For  ND1  it  is  proposed  that  the  excited  state 
of  V-  ([V-]*)  is  situated  at  the  bottom  of  the  conduction 
band,  and  the  electronic  states  of  the  conduction  band 
and  of  [V-]*  are  orthogonal  and  thus  are  not  mixed. 
Consequently,  the  ND1  line  is  sharp  and  electron 
transfer  from  [V“]*  to  the  conduction  band  is  possible 
[12]. 

Both  models  are  rather  complex  and  require  many 
assumptions  about  the  microscopic  properties  of  the 
vacancy  in  diamond.  Here  we  would  like  to  point  to 
simpler  alternatives: 

PC  dips  at  1.673  eV  (GR1)  and  1.682eV  are  both 
superimposed  on  a  threshold  originating  from  £V-> 
£V+(~leV)  transitions,  and  consequently  may  be 
explained  by  the  same  charge-transfer  mechanism, 
described  in  the  first  paragraph  of  the  Discussion. 
Alternatively,  the  1.673  eY  PC  dip  can  be  caused  by 
straight  light  absorption  at  the  GR1  centre.  The  charge- 
transfer  model  can  also  apply  to  the  n-type  ND1  PC 
peak:  Let  us  assume  that  there  is  an  efficient  electron 
transfer  between  the  excited  state  of  V-  and  a  defect  Y, 
responsible  for  background  n-type  PC  in  the  spectral 
range  of  ND1  absorption.  Internal  excitation  of  will 
then  produce  more  occupied  Y  centres,  thus  increasing 
the  (n-type)  PC  in  the  spectral  range  of  the  ND1 
absorption. 

Apparently,  the  charge-transfer  model  does  not  apply 
to  the  GR2-8  lines,  where  PC  peaks  are  observed  for  p- 
type  conductivity.  However,  it  is  worth  noting  that  PC  is 
a  function  not  only  of  carrier  generation,  but  also  of 
recombination  rate.  The  latter  can  be  strongly  reduced 
by  shallow  traps  that  should  be  considered  when 
interpreting  the  PC  spectra.  For  example,  it  is  easy  to 
picture  a  mechanism,  increasing  the  concentration  of 
effective  hole  traps  via  electron  transfer  from  the  excited 
states  of  V°  to  some  other  defect.  Such  process  would 
lead  to  increase  in  PC  at  energies  of  the  GR2-8 
absorption.  A  positive  vacancy,  produced  upon  electron 
removal  from  V°  may  even  be  considered  as  a  candidate 
for  such  shallow  trap.  In  our  opinion,  such  mechanism 
can  explain  the  GR2-8  PC  peaks  in  a  much  easier  way 
than  the  multi-electron  excitation  model  [10,11]. 


5.  Conclusion 

A  narrow-line  structure,  attributed  to  internal  excita¬ 
tion  of  a  deep  centre,  can  be  observed  in  photocurrent 
(PC)  spectra  and  this  is  not  a  rare  phenomenon  in 
diamond.  Straight  absorption  of  incident  light  cannot 
account  for  the  strength  of  the  photocurrent  features  in 
many  cases,  in  particular,  for  the  1.682eV  and  3H 
centres  in  diamond,  considered  in  the  present  work. 
However,  those  features  can  be  naturally  explained  by  a 
model  based  on  electron  transfer  from  an  excited  state  of 
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a  deep  centre  to  a  defect  responsible  for  the  broad 
background  PC  band.  This  model  can  be  applied  to  the 
unusual  PC  features  associated  with  electron  excitation 
of  the  negative  and  neutral  vacancies  in  diamond. 
However,  we  would  like  to  stress  that  the  goal  of  the 
present  paper  is  not  to  claim  an  unambiguous  explana¬ 
tion  of  the  vacancy-related  narrow-line  PC  structure  in 
diamond,  but  to  draw  attention  to  simple  electron 
transfer  mechanisms  which  may  provide  alternative  to 
the  existing  quantum  mechanical  models. 
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Abstract 

We  present  electron  paramagnetic  resonance  (EPR)  and  photo-EPR  investigations  on  the  AB3  and  AB4  centers 
found  in  synthetic  diamond  crystals.  We  observed  a  strong  increase  of  the  AB4  EPR  signal  intensity  when  diamond 
samples  were  illuminated  with  monochromatic  light  for  photon  energies  hv  >  2.06  + 0.02  eV.  Additionally,  a  quenching 
of  the  AB3  signal  intensity  was  observed  for  photoexcitations  at  hv  >  2.26  ±0.02  eV.  The  nature  of  the  physical 
processes  responsible  for  the  observed  photoinduced  changes  in  both  centers  is  discussed.  ©  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  HPHT  diamond;  Nickel;  EPR;  Deep  levels 


1.  Introduction 

The  identification  and  characterization  of  point 
defects  continues  to  be  a  primary  focus  of  research  in 
diamond.  Much  of  the  current  interest  arises  because  of 
the  influence  of  such  defects  on  the  performance  of 
diamond  in  several  applications.  In  diamond  synthesized 
at  high  pressure  and  high  temperature  (HPHT),  transi¬ 
tion  metals,  especially  Ni  and  Ni  alloys,  are  used  as 
solvent/catalysts.  In  such  crystals  Ni  is  incorporated  as  a 
dispersed  impurity  and  several  Ni-related  defects  are 
formed  during  the  growth  process.  Nitrogen  is  the  most 
abundant  impurity  both  in  natural  and  synthetic  HPHT 
diamond,  and  is  incorporated  in  different  forms, 
predominantly  as  isolated  substitutional  Ns  (N°:  PI 
EPR  center  [1])  and  substitutional  pairs  (Ns-Ns). 
Electron  paramagnetic  resonance  (EPR)  studies  on 
diamond  grown  from  nickel  solvent  enriched  with  61Ni 
(/  =  |  natural  abundance  1.2%)  have  directly  proven 
the  incorporation  of  nickel  as  a  paramagnetic  impurity 
with  a  spin  S  =  |  (the  W8  EPR  center)  [2,3].  In  the 
recent  years  several  paramagnetic  defects  with  strong 
evidence  of  nickel  participation  were  found  by  magnetic 
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resonance  techniques  [4-9].  Contrary  to  the  available 
amount  of  information  concerning  the  formation  con¬ 
ditions  and  structure  of  these  nickel-related  centers, 
there  is  little  knowledge  about  their  energy  levels  in  the 
diamond  gap.  For  paramagnetic  centers  these  energy 
levels  can  be  determined  by  photoelectron  paramagnetic 
resonance  (photo-EPR).  Photo-EPR  studies  involving 
the  W8,  PI,  and  AB5  ( S  -  1  [5])  centers  have  shown  that 
the  W8  photoquenching  [10]  is  caused  by  the  promotion 
of  electrons  to  the  conduction  band,  and  that  the  energy 
level  of  the  AB5  center  is  located  at  E  =  Ec  -  1.88  eV 
[11].  The  main  advantage  of  the  photo-EPR  as  a  tool  for 
the  determination  of  defect  level  energies,  as  compared 
to  other  methods,  is  based  upon  the  fact  that  it  allows  a 
direct  correlation  between  the  spectroscopically  identi¬ 
fied  defects  and  their  energy  levels.  This  technique  may 
provide  also  additional  information  about  the  optical 
behavior  of  paramagnetic  centers,  like  their  optical  cross 
sections  and  their  aptitude  for  capturing  and  recombin¬ 
ing  charge  carriers. 

Among  the  nickel-related  defects  in  diamond,  the  AB3 
and  AB4  centers  were  found  for  the  first  time  in  samples 
that  experienced  a  heat  treatment  after  growth.  Both 
centers  have  a  spin  S  =  \  and  orthorhombic-I  symmetry 
[6].  In  this  article  we  present  new  EPR  and  photo-EPR 
results  on  these  nickel-related  centers. 
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2.  Experimental  details 

In  this  study  we  used  diamond  single  crystals 
synthesized  by  H.  Kanda  at  the  National  Institute  for 
Research  in  Inorganic  Materials  (NIRIM),  Japan.  The 
samples  were  grown  by  the  temperature  gradient 
method  at  high  pressure  and  high  temperature  using 
Ni  as  solvent/catalyst.  Two  of  the  diamond  samples 
were  annealed  during  4h  at  1600'C  under  a  stabilizing 
pressure  of  ~6GPa.  The  samples  were  oriented  either 
by  growth  facets  or  by  faces  polished  along  the  main 
crystallographic  planes. 

EPR  and  photo-EPR  measurements  were  carried  out 
using  a  Bruker  ESP  300E  spectrometer  operating  both  in 
X-band  (9.5  GHz)  and  Q-band  (34  GHz).  Oxford 
Instruments  helium  gas  flow  and  bath  cryostat  systems 
in  the  X-  and  Q-band.  respectively,  maintained  the 
samples  temperature  at  selected  values  between  4.2- 
100  K.  The  samples  were  always  cooled  down  in  the 
dark  to  guarantee  a  thermal  equilibrium  state  prior  to 
the  illumination  procedure  in  the  photo-EPR  experi¬ 
ments.  A  Xe  lamp  associated  with  a  grating  mono¬ 
chromator  provided  the  monochromatic  light  source  for 
sample  illumination.  This  was  done  in  the  X-band 
through  a  hole  at  the  used  TE)(,2  cavity,  while  in  the  Q- 
band  the  samples  were  irradiated  via  a  0.4  mm  optical 
fiber  inserted  into  the  helium  cryostat.  The  light  from 
the  monochromator  was  coupled  into  another  0.4  mm 
optical  fiber  at  whose  end  we  measured  the  spectral 
dependence  of  the  photon  flux.  When  illuminating  the 
samples,  the  two  fibers  were  connected. 


3.  Experimental  results  and  discussion 

3.1.  AB4  venter 

The  EPR  spectrum  of  the  AB4  center  was  for  the  first 
time  detected  in  diamonds  that  were  heat-treated  after 
growth  [6].  In  the  present  study  we  only  detect  this 
center  in  the  samples  that  were  annealed  at  1 600  C.  The 
AB4  EPR  signal  was  observed  both  at  room  tempera¬ 
ture  and  at  temperatures  between  4.2  and  100  K.  For 
these  samples  a  strong  increase  of  the  AB4  signal 
intensity  was  observed  upon  sample  illumination. 

In  order  to  monitor  the  kinetics  and  the  wavelength 
dependence  of  this  photoinduced  effect,  w'e  fixed  the 
external  magnetic  field  B  at  the  position  of  maximum 
intensity  of  the  first  derivative  of  one  of  the  AB4  EPR 
lines  and  monitored  the  time  dependence  of  the  EPR 
signal  intensity  {Iy. pr)  upon  monochromatic  illumina¬ 
tion.  In  order  to  avoid  an  erroneous  evaluation  of  the 
photoinduced  changes  by  monitoring  overlapping  EPR 
lines  from  different  centers,  we  chose  the  well  isolated 
lower  magnetic  field  AB4  line  for  B||<011>.  The 
photoinduced  changes  in  the  AB4  signal  intensity  for 


excitation  photon  energies  /jv  =  2.01,  2.05,  2.09.  and 
2.14eV  are  shown  in  Fig.  1.  For  a  sequence  of  increasing 
photoexcitation  energies  h\\  the  difference  A/hpr  be¬ 
tween  the  photoinduced  EPR  signal  intensity  and  the 
/[■pr  measured  prior  to  illumination  was  estimated 
through  fitting  the  / i.pr  vs.  time  data  wath  exponential 
decay  functions,  see  Fig.  1.  The  spectral  dependence  of 
A/j.;pR  determined  from  this  fitting  is  presented  in 
Fig.  2(a).  The  observed  enhancement  of  the  AB4  EPR 
signal  intensity  is  interpreted  as  a  result  of  a  photo- 


Fig.  I.  Time  dependence  of  the  EPR  signal  intensity  4 PR  of  the 
AB4  center  at  T  =  100  K  for  different  excitation  energies  hv. 
Full  curves  represent  experimental  data  and  dashed  curves  are 
exponential  fits. 
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Fig.  2.  (a)  Spectral  dependence  of  the  EPR  signal  change  A4pr 
(as  defined  in  Fig.  1)  for  the  AB4  center  (enhancement)  and  (b) 
for  the  AB3  center  (quenching).  The  measurement  temperature 
is  100  K.  The  circles  represent  experimental  data  and  the  solid 
curves  arc  fits  to  the  data  by  Eq.  (1). 
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ionization  process  occurring  on  a  defect  with  localized 
states  in  diamond.  Generally,  the  ionization  energy  Et  of 
a  defect  involved  in  such  a  photoionization  transition 
(PT)  can  be  determined  from  the  spectral  dependence  of 
the  corresponding  optical  cross  section  a.  The  require¬ 
ments  for  a  correct  determination  of  this  dependence 
from  the  photo-EPR  data  were  extensively  discussed  by 
Godlewski  [12].  In  the  present  work  we  used  the 
saturation  value  method,  which  is  based  on  the 
determination  of  the  optical  cross  section  of  the 
photoionization  transition  through  the  spectral  depen¬ 
dence  of  the  A/epr  values.  This  allowed  us  to  consider 
different  starting  populations  of  the  center  under  study 
for  each  photon  energy,  and  overcomes  the  difficulty  of 
ensuring  the  same  starting  signal  intensity  prior  to  each 
subsequent  photoexcitation  in  the  temperature  range  of 
our  measurements.  The  calculation  of  the  dependence  of 
A/epr  on  the  optical  cross  section  for  a  given  PT 
requires  the  solution  of  a  complex  system  of  kinetic 
equations  that  would  consider  all  the  excitation, 
recombination,  and  capture  processes  occurring  in  the 
sample.  Our  approach  to  this  problem  is  based  on  the 
general  principle  that  the  A/Epr  values  depend  in  the 
same  way  on  the  light  intensity  I  and  on  the  optical  cross 
section  <r,  as  these  two  quantities  appear  always  together 
in  the  form  of  a  =  /  x  o  in  the  kinetic  equations  that 
describe  the  photoionization  process.  In  the  photo-EPR 
study  of  the  W8  and  AB5  centers  [11]  we  described  in 
detail  how  the  relation  between  the  A/EPr  values  and  the 
optical  cross  section  can  be  obtained.  In  the  case  of  the 
AB4  photoexcitation  we  assume  that  the  enhancement 
of  the  AB4  EPR  signal  intensity  results  from  one 
dominant  photoionization  process.  Considering  besides 
that  the  data  shown  in  Fig.  2(a)  were  obtained  under 
experimental  conditions  of  a  linear  dependence  between 
A/EPr  and  a,  the  optical  cross  section  of  the  involved  PT 
is  linearly  related  to  A/EPr.  Fitting  the  spectral 
dependence  cr(hv)  of  the  AB4  photoexcitation  by  the 
Lucovsky  formula  for  a  purely  electronic  cross  section 
[13] 


<r(Et,hv)cc 


(hv  -  E,)3/2 
(/jv)3 


(1) 


we  found  the  ionization  energy  Et  =  2.06  +  0.02  eV,  see 
Fig.  2(a). 

The  observed  enhancement  of  the  AB4  signal  intensity 
can  be  caused  by  two  type  of  processes:  (i)  a  direct 
electron  (hole)  excitation  from  the  AB4  centers  to  the 
conduction  (valence)  band,  or  (ii)  an  indirect  process  if 
electrons  (holes)  excited  to  the  conduction  (valence) 
band  from  another  defect  are  then  captured  by  the  AB4 
centers.  The  unambiguous  determination  of  the  process 
that  governs  the  photoinduced  increase  of  the  AB4  EPR 
signal  intensity  is  hindered  by  the  fact  that  this  spectrum 
could  only  be  detected  in  one  type  of  the  available  set  of 
samples.  The  W8  and  AB5  signals  decrease  in  the  same 


samples  for  excitation  energies  hv  higher  than  2.5  and 
1.9  eY,  respectively.  However,  the  appearance  of  a 
strong  photoinduced  effect  with  a  threshold  at  2.06  eV 
only  for  the  AB4  lines,  together  with  the  observation  of 
different  spectral  dependencies  for  the  photoinduced 
changes  of  other  centers  present  in  the  same  samples, 
indicate  that  a  direct  photoionization  is  the  most 
probable  process  to  explain  the  observed  behavior  of 
the  AB4  center  under  illumination.  Whether  the  increase 
of  the  AB4  signal  is  resulting  from  a  direct  (i)  or  an 
indirect  (ii),  it  can  occur  either  by  electron  or  by  hole 
ionization.  The  observation  of  the  nitrogen  donor  signal 
(PI)  prior  to  any  illumination  of  the  samples  indicates 
that  the  Fermi  level  is  located  at  or  above  the  N0/+  level. 
The  position  of  this  defect  level  in  the  diamond  gap  have 
been  taken  as  E  =  Ec  -  1.7  eV  [14].  Therefore,  the 
observed  transition  with  the  threshold  at  2.06  eV  is 
interpreted  as  promotion  of  electrons  to  the  conduction 
band. 

3.2.  AB3  center 

The  EPR  measurements  at  temperatures  between  4.2 
and  100  K  reveal  in  all  samples  the  presence  of  the  AB3 
EPR  spectrum.  This  spectrum  is  not  detectable  at  room 
temperature. 

The  intensity  of  the  AB3  EPR  lines  in  annealed 
diamonds  decreases  upon  sample  illumination  with 
visible  light.  The  time  dependence  of  this  process  was 
recorded  for  different  excitation  wavelengths  and  the 
A/EPr  values  were  determined  as  described  above  for  the 
AB4  center.  The  obtained  spectral  dependence  of  A/EPr 
normalized  to  a  constant  photon  flux  is  presented  in 
Fig.  2(b).  A  photon  energy  threshold  of  about  2.3  eV 
was  determined  for  the  observed  decrease  of  the  signal 
intensity.  Provided  only  one  photoionization  process  is 
responsible  for  the  decrease  of  the  AB3  EPR  signal 
intensity  and  taking  into  account  that  the  experimental 
data  shown  in  Fig.  2(b)  were  obtained  under  the 
condition  of  a  linear  dependence  between  A/EPR  and  a, 
the  optical  cross  section  of  the  PT  is  linearly  related  to 
A/epr.  The  best  fit  of  Eq.  (1)  to  the  curve  shown  in 
Fig.  2(b)  is  obtained  for  Ex  =  2.26  + 0.02  eV. 

This  photoinduced  effect  on  the  AB3  center  was  only 
observed  in  annealed  samples  whereas  in  as-grown 
diamonds  that  exhibit  the  AB3  spectrum  a  sensitive 
change  of  the  AB3  EPR  signal  intensity  upon  illumina¬ 
tion  was  not  detected.  We  see  two  possible  explanations 
for  this  behavior  of  the  AB3  center:  (a)  the  decrease  of 
the  signal  intensity  results  from  the  capture,  from  the 
conduction  (valence)  band,  of  electrons  (holes)  that  were 
excited  from  another  defect  produced  during  the 
annealing  process  and  located  at  2.26  eV  in  the  diamond 
gap;  or  (b)  the  direct  photoionization  of  AB3  centers  is 
observed  and  the  photoexcitation  effect  in  the  as-grown 
samples  is  undetectable  due  to  the  small  amount  of 
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acceptor  (donor)  levels  available  to  capture  the  photo- 
excited  electrons  (holes).  The  time  dependence  of  /j.pR  of 
the  AB5  center  measured  at  different  photoexcitation 
energies  for  the  same  annealed  samples  have  shown  that 
by  changing  the  photoexcitation  energy  from  2.23  to 
2.32  eV  a  second  process  which  overlaps  with  the 
photoquenching  of  the  AB5  EPR  signal  sets  in  [11]. 
This  process  and  that  leading  to  the  decrease  of  the  AB3 
signal  intensity  have  possibly  the  same  origin.  As  in  the 
AB4  photoexcitation  mechanism,  the  photoionization 
transition  that  leads  to  the  changes  in  the  AB3  signal 
intensity  should  involve  the  promotion  of  electrons  to 
the  conduction  band,  independently  of  process  (a)  or  (b) 
occurs. 


4.  Conclusions 

Photoionization  processes  involving  the  AB3 
and  AB4  paramagnetic  centers  were  studied  in  as- 
grown  and  annealed  diamond  samples  grown  from 
a  nickel  solvent/catalyst.  The  strong  increase  of  the 
AB4  EPR  signal  intensity  observed  by  optical  excitation 
with  photon  energies  /?v^2.06eV  is  interpreted  as 
resulting  from  photoionization  of  AB4  defects  located 
at  2.06 eV  below  the  conduction  band.  The  photoin- 
duced  decrease  of  the  AB3  signal  intensity  evidences  the 
presence  of  an  acceptor  state  at  E  =  E,  -  2.26 eV  in 
HPHT  diamond. 
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Abstract 

Phosphorus  doped  n-type  epitaxial  diamond  films  have  been  studied  by  electron  spin  resonance  (ESR)  and 
electrically  detected  magnetic  resonance  (EDMR).  At  low  electric  field,  the  dominant  defects  influencing  the  electronic 
transport  are  carbon  dangling  bonds,  while  at  higher  fields  the  anisotropic  spin  resonance  signal  of  a  new  phosphorus- 
related  center  with  gL  =2.0026,  #„  =  2.0042,  ^iso  =  17.6G,  and  Aaniso  =  1.8  G  is  observed.  These  results  indicate  that 
room  temperature  conductivity  in  this  film  is  dominated  by  hopping  via  phosphorus-related  defect  centers  rather  than 
via  hydrogenic  donor  states  of  phosphorus  atoms  on  substitutional  sites.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  61.72.— y;  71.55.— i 

Keywords:  Diamond;  Phosphorus;  Doping;  EDMR;  Spin  resonance 


1.  Introduction 

As  a  potential  semiconducting  material,  diamond  has 
several  outstanding  properties.  The  major  obstacle  for 
the  realisation  of  bipolar  diamond-based  electronic 
devices  still  is  the  lack  of  shallow  n-type  dopants.  One 
possible  candidate  for  a  shallow  donor  state  is  substitu¬ 
tional  phosphorus,  which  unfortunately  is  much  harder 
to  incorporate  into  diamond  than  into  silicon  because  of 
the  mismatch  in  atomic  radii.  Nevertheless,  several 
groups  have  reported  phosphorus  incorporation  into 
diamond.  In  expitaxial  samples  grown  using  phosphine 
as  a  dopant  source,  n-type  conductivity  was  found  with 
activation  energies  of  the  Hall  carrier  concentration  of 
0.4-0.6eV  [1].  For  the  same  samples,  infrared  absorp¬ 
tion  peaks  were  observed  at  0.52  and  0.56  eV  and  related 
to  a  photoionization  onset  in  photoconductivity  mea¬ 
surements  [2].  The  aim  of  the  present  paper  is  to 
investigate  the  microscopic  structure  of  the  phosphorus- 
related  electronic  states  in  these  samples  by  electron  spin 
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resonance  (ESR)  to  obtain  information  on  their  ground 
state  wavefunction. 

ESR  of  phosphorus-related  states  in  diamond  has 
been  observed  in  polycrystalline  powders  [3],  in  crystals 
grown  from  phosphorus  catalyst  [4],  and  in  CVD  films 
implanted  during  growth  [5]  or  after  growth  with 
subsequential  annealing  [6].  In  the  crystalline  films, 
isotropic  hyperfine  lines  with  a  characteristic  splitting  of 
27-28  G  were  observed  and  attributed  to  the  I  =  1/2 
nuclear  magnetic  moment  of  substitutional  3IP.  Un¬ 
fortunately,  these  samples  have  a  large  number  of 
implantation  defects  besides  the  phosphorus  states  so 
that  n-type  conductivity  has  not  been  confirmed  yet. 
Only  recently,  28  G  split  hyperfine  lines  were  observed  in 
these  samples  together  with  the  characteristic  infrared 
absorption  at  0.52  and  0.56eV  also  found  in  the  samples 
of  Ref.  [1,2],  suggesting  that  shallow  states  give  rise  to 
the  ESR  signal  [6]. 

Conventional  ESR  of  epitaxial  diamond  layers 
usually  is  dominated  by  the  large  density  of  well-known 
nitrogen  PI  centers  in  the  substrate  [7].  We  therefore 
have  used  electrically  detected  magnetic  resonance 
(EDMR)  experiments,  which  are  sensitive  to  paramag¬ 
netic  states  in  the  path  of  conductivity  only.  Therefore, 
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background  signals  from  the  insulating  substrate  do  not 
interfere  with  signals  of  the  conductive  film,  allowing  the 
selective  investigation  of  paramagnetic  states  in  the  P- 
doped  epilayer. 

2.  Experimental  details 


The  diamond  film  under  investigation  has  been 
prepared  by  plasma-assisted  chemical  vapor  deposition. 
By  addition  of  phosphine  to  the  gas  phase  with  relative 
concentrations  of  (PH3/CH4)=  1000  ppm  and  (CH4/ 
H2)  =  0.075%,  a  doped  epitaxial  film  with  1.5  pm 
thickness  was  deposited  on  the  polished  [Ill]  surface 
of  a  2x2x0. 5 mm3  type  lb  synthetic  diamond,  as 
described  in  Ref.  [1].  The  nominal  phosphorus  concen¬ 
tration  of  this  film  was  5  x  10,Ncm  \  which  is  just  below 
the  concentration  expected  for  the  metal-insulator 
transition,  at  which  the  hyperfine  satellites  of  the  nuclear 
spin  /  =  1/2  of  3,P  would  collapse  [5].  A  detailed 
description  of  the  growth  as  well  as  measurements  of 
photoconductivity  and  infrared  absorption  can  be  found 
in  Ref.  [2]  and  references  therein,  where  the  present 
sample  is  labeled  as  #4.  For  the  electrical  measurements 
performed  in  this  paper,  coplanar  interdigital  Au 
contacts  with  50  pm  spacing  were  deposited  on  top  of 
the  epitaxial  film. 

As  noted  above,  the  nitrogen  PI  center  in  the 
substrate  dominates  the  conventional  ESR  of  the 
sample.  Its  anisotropic  ESR  signal  has  been  used  to 
orient  the  sample  with  respect  to  the  external  magnetic 
field  and  for  ^/-factor  calibration.  EDMR  measurements 
were  taken  in  a  conventional  X-band  ESR  spectrometer 
(Bruker  ESP-300.  TEH)2  cavity)  in  combination  with  a 
Keithley  237  Source  Measure  Unit  and  a  Stanford 
Research  SR570  Low-Noise  Current  Preamplifier.  The 
spectra  showrn  have  been  recorded  at  room  temperature, 
but  have  been  observed  similarly  at  100  K  as  well.  Above 
room  temperature,  the  dark  conductivity  of  the  sample 
is  thermally  activated  with  the  characteristic  ionization 
energy  of  about  0.5  eV  attributed  to  the  substitutional 
phosphorus  level  [1].  In  contrast,  at  room  temperature 
and  below,  the  dominant  transport  process  is  hopping  at 
the  Fermi  level,  which  is  expected  to  be  a  spin-dependent 
transport  path  similar  to  existing  results  in  other 
materials  [8].  Therefore,  room  temperature  EDMR 
measurements  seem  to  be  a  suitable  tool  to  resolve  the 
hyperfine  interaction  of  electronic  spins  w'ith  the  nuclear 
spins  of  31P  and  to  extract  from  this  hyperfine  splitting 
microscopic  parameters  of  the  electron  wavefunction  at 
the  donor  sites. 


3.  Transport  regimes  and  EDMR  at  low  electric  field 

Fig.  1  show's  the  /^-characteristic  of  the  film  at  room 
temperature  in  the  dark.  Above  +20V,  the  behavior  is 


lO* 

10‘9 


< 

io-10  ja 


io-,z  | 

o 


Fig.  1.  Room  temperature  /^-characteristic  of  the  phosphorus 
doped  diamond  film  with  50pm  interdigit  finger  contacts.  The 
dashed  line  indicates  the  IV  characteristics  of  an  ohmic  resistor, 
which  is  offset  from  zero  voltage  due  to  barriers  at  the  non-ideal 
contacts.  Open  and  closed  circles  show  the  intensities  of  the  two 
signal  components  in  EDMR. 


Fig.  2.  EDMR  spectra  at  10  V  bias  and  at  30  V  bias  corre¬ 
sponding  to  2  and  6kV/cm  in  the  case  of  a  homogeneous  field 
distribution.  In  the  regime  of  low  electric  field,  carbon  dangling 
bonds  dominate  spin-dependent  transport,  while  at  higher 
electric  fields  the  signal  shows  a  complex  structure  of  several 
resonances. 


almost  ohmic  as  indicated  by  the  dashed  line  that 
corresponds  to  a  differential  resistance  of  10  MD  and  a 
conductivity  of  10  6Q  'em  \  consistent  with  the 
reported  data  for  n  and  )i  [2],  In  contrast,  the  IV- curve 
at  lower  bias  voltages  is  nonlinear,  indicating  that  the 
current  is  limited  by  some  kind  of  barrier,  such  as  the 
space  charge  region  of  a  Schottky  contact  below' 
breakthrough  in  reverse-bias.  Obviously,  any  electrical 
measurement  such  as  EDMR  should  be  analyzed  with 
regard  to  the  bias  voltage  that  determines  the  dominant 
resistance.  In  the  regime  of  high  voltages,  the  applied 
electric  field  is  able  to  overcome  the  barriers  so  that  the 
measured  current  is  limited  by  the  epilayer  of  interest, 
whereas  in  the  low-field  regime  the  space  charge  layers 
limit  the  overall  current. 
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The  different  EDMR  signatures  observed  at  high  and 
low  bias  voltages  shown  in  Fig.  2  support  this  qualita¬ 
tive  explanation.  While  in  the  high-field  regime  at  30  V 
bias,  a  complex  anisotropic  signal  is  observed  that  will 
be  discussed  in  more  detail  below,  the  low-field  signal  at 
10  V  bias  can  be  identified  directly  by  its  isotropic  g- 
factor  g  =  2.0028  and  the  peak-to-peak  linewidth 
A//pp ~7G.  These  parameters  are  commonly  associated 
with  carbon  dangling  bonds  in  amorphous  hydroge¬ 
nated  carbon  [9]  as  well  as  in  polycrystalline  diamond 
[10],  and  in  crystalline  thin  CVD  diamond  films  after 
implantation  [5,6].  EDMR  of  carbon  dangling  bonds 
has  been  demonstrated  in  polycristalline  CVD  diamond 
films  with  high  defect  density  [11].  In  the  present 
homoepitaxial  film,  EDMR  sensitivity  is  enhanced  as 
these  defects  limit  conductivity  through  the  space  charge 
regions  of  the  interdigital  contacts.  The  sign  of  the 
EDMR  signal  at  low  electric  fields  indicates  a  resonant 
quenching  of  the  current  due  to  a  spin-dependent 
capture  process  of  conduction  band  electrons.  In 
contrast,  the  signal  at  high  electric  field  corresponds  to 
resonant  enhancement  of  the  current,  which  is  typical 
for  hopping  transport  at  the  Fermi  level. 

At  intermediate  bias  voltages,  the  two  different 
components  to  conductivity  give  rise  to  a  superposition 
of  the  two  types  of  EDMR  spectra.  In  Fig.  1,  the 
maximum  resonant  current  change  A/pp  of  both  spectral 
contributions  is  shown  separately,  the  full  symbols 
indicating  the  resonant  current  change  for  the  contribu¬ 
tion  attributed  to  the  epilayer  outside  the  space  charge 
region  and  the  open  symbols  indicating  the  change  due 
to  dangling  bonds.  According  to  the  picture  given 
above,  the  crossover  between  both  regimes  takes  place  at 
the  interchange  between  ohmic  and  barrier-dominated 
transport.  The  normalized  EDMR  intensity  is  A  a  jo  = 
A/pp//dc~  10-6  for  these  maximum  components  of  the 
signals.  As  for  the  smaller  features,  Ao/g<  1CT7,  massive 
signal  averaging  is  required  to  completely  resolve  each 
spectrum. 

4.  Interpretation  of  the  EDMR  at  high  electric  fields 

In  Fig.  3,  EDMR  spectra  for  the  three  fundamental 
crystal  orientations  with  respect  to  the  magnetic  field  Ho 
perpendicular  to  the  [I  1  0]  axis  of  rotation  are  shown. 
They  have  been  recorded  at  a  bias  voltage  of  30  V,  which 
is  appropriate  to  suppress  the  contribution  from  the 
contacts  and  to  select  paramagnetic  states  from  the 
phosphorus  doped  film.  Within  the  complex  pattern  of 
overlapping  resonances,  the  outer  pairs  of  hyperfine 
satellites  are  clearly  identified  as  PI  hyperfine  triplets. 
They  are  identical  to  the  ESR  signal  of  the  substrate 
besides  some  broadening  due  to  the  experimental 
conditions  of  EDMR.  Although  the  substrate  has  a 
higher  thickness  than  the  epilayer,  its  room  temperature 


magnetic  field  (G) 


Fig.  3.  EDMR  at  30  V  bias  for  three  fundamental  crystal 
orientations.  The  crystal  rotation  is  performed  around  a  [1 1  0] 
axis,  so  that  0°  rotation  angle  corresponds  to  //oll[l  1  1],  +35° 
to  //0II[110],  and  -55°  to  //0I![001].  The  outer  transitions 
belong  to  PI  triplets  that  dominate  the  ESR  signal  of  the  lb 
substrate.  The  inner  set  of  lines  is  attributed  to  hyperfine 
satellites  of  a  new  phosphorus-related  center.  Also  drawn  are 
the  positions  of  the  27  G  hyperfine  satellites  reported  for  other 
P-doped  diamond  samples  [5],  but  which  are  not  found  in  this 
sample. 

dark  conductivity  is  too  low  for  a  contribution  to  the 
EDMR  signal,  suggesting  the  presence  of  deep  PI 
centers  in  the  epitaxial  film.  Alternatively,  microwave 
absorption  of  PI  centers  in  the  substrate  could  lead  to 
thermal  crosstalk  and  to  a  resonant  increase  in 
conductivity. 

In  contrast,  no  significant  absorption  is  detectable  in 
ESR  under  identical  conditions  for  the  remaining 
resonance  lines,  so  that  theses  lines  have  to  originate 
from  spin-dependent  transport  at  the  Fermi  level  of  the 
epilayer.  Also  indicated  in  Fig.  3  are  the  resonance 
positions  for  AH  =  27  G  and  g  =  2.0023  which  have 
been  reported  for  3 ^-related  centers  in  diamond  earlier 
[5,6].  This  hyperfine  doublet  is  not  observed  in  the 
present  sample.  Instead,  we  observe  an  isotropic  line  at 
3329  G  and  an  anisotropic  set  of  lines  at  about  3347  G, 
more  similar  to  the  ESR  signals  reported  in  Refs.  [3,4]. 
The  interpretation  of  these  lines  as  two  independent 
resonances  would  result  in  gr-factors  of  g  =  2.009  and 
g~  1.998,  which  are  well  out  of  the  narrow  range  of  g- 
factors  typical  for  diamond  [12].  Therefore,  the  two 
resonances  will  be  interpreted  in  the  following  as  a  set 
of  hyperfine  lines,  although  their  anisotropy  is  not 
resolved  completely  on  both  sides.  As  indicated  in 
Fig.  3,  the  difference  can  be  simulated  by  ^-factor 
anisotropy  in  addition  to  anisotropy  of  the  hyper¬ 
fine  interaction.  Both  contributions  have  opposite 
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orientation  at  3329  G.  leading  to  a  small  total 
anisotropy  and  to  overlapping  lines  for  the  satellites 
at  lower  magnetic  field.  In  contrast,  the  anisotropy 
adds  up  for  the  3347  G  line.  It  is  incompatible  with  the 
axial  symmetry  expected  of  surface  states,  which  also 
might  influence  the  conductivity  [13].  Identical  spectra 
have  been  observed  for  H{)  oriented  parallel  to  [1  1  1] 
and  [1  1  I].  This  is  consistent  with  the  C-u  symmetry  of 
sp3  orbitals  in  diamond.  Spectra  at  intermediate  angles 
also  support  the  calculated  line  pattern  included  in 
Fig.  3.  which  simulates  a  Ctv  -center  with  gA  -  2.0026, 
g  =  2.0042,  =  17.6G,  and  ^aniw  =  1.8G.  The 

pattern  contains  four  symmetry  related  sites  with  /  = 
1/2,  two  of  which  coincide  for  the  investigated  axis  of 
rotation.  A  more  detailed  analysis  of  the  ESR  para¬ 
meters  is  hindered  by  the  linewidth  of  A//pp~5G  that 
leads  to  severe  overlapping  of  the  expected  resonances. 
Nevertheless,  the  observed  parameters  are  significantly 
different  from  those  of  the  analysis  of  the  powder 
pattern  in  polycrystalline  samples  g  =  2.0025, 
^4 iso  =  20.8  G,  and  ^aniso  =  1.2  G  [3]. 

Up  to  now.  all  isotropic  hyperfine  constants  reported 
for  phosphorus  in  diamond  are  below  30  G,  which  can 
be  converted  into  a  probability  density  of  the  3  s  orbital 
at  the  phosphorus  atom  of  <0.6%  [4],  Small  31 P 
hyperfine  splittings  have  been  discussed  for  several 
centers,  for  example  a  phosphorus-vacancy  complex 
with  low  spin  density  on  the  central  nucleus  [14]  or  a 
complex  similar  to  the  N1  center  with  phosphorus  in  a 
positive  charge  state  at  the  next-nearest  neighbor  site  of 
an  unpaired  electron  [4].  For  substitutional  donors,  the 
spin  density  at  the  donor  atom  can  be  estimated  by 
the  effective  mass  theory.  The  effective  electron  masses 
in  diamond  are  uncertain  up  to  now,  but  seem  to 
have  the  same  anisotropy  as  the  effective  electron 
mass  of  silicon,  with  a  ratio  of  ~  1.5  [15].  At  the 

same  time,  the  ratio  of  dielectric  constants  is  cc-/,:si  = 
5.7/1 1.7  5:0.5.  Both  ratios  cause  a  higher  degree 
of  localization  at  donor  atoms  in  diamond  com¬ 
pared  to  silicon,  as  the  ionization  energy  scales  like 
£xm*  /jr,  and  the  localization  radius  like  accc/nt*  . 
Considering  only  changes  of  the  hydrogen-like  envel¬ 
ope  of  the  donor  electron  wave  function  without 
detailed  calculation  of  Bloch  functions  and  central  cell 
corrections,  the  hyperfine  splitting  scales  roughly  like 
A  x!^(0)|2  *  /e)1  [16].  The  extrapolation  from 

phosphorus  donors  in  silicon  to  diamond  predicts  AL.  > 
1000  G,  in  contrast  to  the  arguments  based  on  relative 
electronegativities,  which  suggest  a  smaller  hyperfine 
interaction  in  diamond  compared  to  silicon  [5].  The 
experimental  ionization  energy  of  0.6  eV  is  significantly 
higher  than  the  value  £^0.2eV  predicted  from 
effective  mass  theory,  indicating  an  even  higher  degree 
of  localization  and  larger  hyperfine  splitting  [  1 5].  At  the 
signal-to-noise  level  of  the  present  EDMR  experiments, 
no  additional  hyperfine  pairs  were  detected  within  a 


magnetic  field  range  of  ±2000G.  Nevertheless,  one  has 
to  keep  in  mind  that  EDMR  of  dark  conductivity  is 
limited  to  spin-dependent  processes  in  paramagnetic 
states  close  to  the  Fermi  level.  Therefore,  in  partially 
compensated  samples.  EDMR  experiments  cannot 
exclude  the  existence  of  shallow  phosphorus  levels  in 
the  presence  of  deeper  compensating  centers,  for 
example  dangling  bonds,  PI  centers,  or  XP2  levels  that 
were  observed  in  similar  samples  by  CPM  at  0.81  eV 
[2]- 


5.  Conclusions 

ESR  and  EDMR  experiments  were  performed  on  a  P- 
doped  diamond  film  exhibiting  n-type  conductivity.  Two 
transport  regimes  have  been  studied  separately:  At  low 
electric  field,  carbon  dangling  bonds  limit  dark  current 
through  barriers  below  the  non-ideal  contacts.  At  higher 
electric  fields,  a  new  ESR  center  with  g  L  =  2.0026,  g  = 
2.0042,  /4jso  =  17.6G,  and  =  1.8  G  was  detected  in 
the  epilayer.  It  dominantly  contributes  to  room  tem¬ 
perature  transport,  but  cannot  be  assigned  to  substitu¬ 
tional  phosphorus  donors.  Most  likely,  the  presence  of 
compensating  defects  hinders  the  observation  of  sub¬ 
stitutional  phosphorus  with  EDMR  of  dark  conductiv¬ 
ity  in  these  samples.  Measurements  of  spin-dependent 
non-equilibrium  processes  like  spin-dependent  recombi¬ 
nation  could  help  to  resolve  this  problem. 
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Abstract 

Annealing  of  Tb  and  Ila  diamonds  at  temperature  of  1800  C  and  pressure  of  7.2  GPa  was  performed.  It  is  shown  that 
for  experiments  with  comparable  total  duration,  the  nitrogen  aggregation  rate  is  significantly  slower  for  a  single-run 
than  for  multiple-run  annealing.  Consequently,  many  previously  reported  multiple  annealing  experiments  could 
overestimate  the  rate  of  nitrogen  diffusion  in  diamond.  Small-angle  X-ray  scattering  reveals  that  three-dimensional 
defect  clusters  were  formed  during  annealing.  The  size  of  clusters  (27-57  nm)  is  similar  in  annealed  natural  IaA.  IaB.  Ila 
and  synthetic  lb  diamonds.  The  presence  of  clusters  is  unrelated  to  ‘platelets’  and  contain  little,  if  any.  nitrogen.  Optical 
results  reveal  that  annealing  resulted  in  decay  of  the  4N--2V  (H4)  defects  into  2N-V  (H3)  and  that  the  B  nitrogen  defect 
is  not  responsible  for  the  N9  optical  center,  (<\  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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I.  Introduction 

Many  physical  and  chemical  properties  of  minerals 
depend  on  the  concentration  and  type  of  point  and 
extended  defects  present  in  their  lattices.  Diffusion  of 
point  defects  can  lead  to  creation  of  clusters  and  under 
favorable  conditions  even  new  phases  can  be  formed.  In 
this  paper  we  report  on  a  new  type  of  extended  defect 
formed  in  diamond  during  long  continuous  annealing  at 
high  pressure-high  temperature  (HPHT)  conditions. 

Oxygen,  hydrogen  and  nitrogen  are  the  principal 
impurities  found  in  diamond.  Nitrogen  concentrations 
can  be  as  high  as  0.3 at%.  Oxygen  and  hydrogen 
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concentrations  can  be  comparable  and,  in  some  cases, 
higher  than  that  of  nitrogen.  However,  while  most 
oxygen  and  hydrogen  atoms  reside  in  internal  voids  in 
the  diamond  lattice  and  within  non-diamond  inclusions, 
nitrogen  predominantly  forms  integral  lattice-bonded 
defects  [1], 

The  common  classification  scheme  for  diamond  is 
based  on  the  principal  nitrogen  defect  types  as  identifi¬ 
able  by  infrared  (IR)  spectroscopy.  In  type  lb  diamond 
nitrogen  is  dominantly  present  as  single  substitutional 
atoms,  referred  to  as  the  C  or  PI  centers.  Most  synthetic 
diamonds  belong  to  this  type.  HPHT  annealing, 
performed  either  naturally  or  under  laboratory  condi¬ 
tions,  leads  to  aggregation  of  single  substitutional 
nitrogen  atoms  to  the  so-called  A  and  B  complexes  in 
the  order  C->A--+B  [2-4].  Diamonds  with  these  defects 
are  referred  to  as  type  IaA  and  IaB.  respectively.  Optical 
studies  [5,6]  combined  with  electron  spin  resonance 
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(ESR)  show  that  the  A  center  is  comprised  of  a  pair  of 
nearest-neighbor  substitutional  nitrogen  atoms.  The 
microscopic  structure  of  the  B  defect  is  not  so  firmly 
established.  Results  obtained  by  ESR  [7]  and  optical 
methods  [8]  suggest  a  complex  of  four  nitrogen  atoms  in 
tetrahedral  coordination  around  a  vacancy. 

In  additional  to  these  simple  point  defects,  most 
diamonds  are  rich  in  more  complex  and  variable 
extended  defects.  Besides  dislocations,  twins  and  stack¬ 
ing  faults,  one  of  the  best-known  examples  is  termed 
‘platelets’ — planar  (in  {100}  plane)  defects  containing 
carbon  and  nitrogen  atoms.  It  is  suggested  that  platelets 
are  formed  from  interstitial  carbon  atoms  as  a  result  of 
their  migration  at  high  temperature  [9,10].  Another 
abundant  group  of  extended  defects  in  diamonds  is 
termed  ‘voidites’,  which  are  typically  octahedral  forma¬ 
tions  with  a  large  scatter  in  size  (1-30  nm)  and  with 
lower  electron  density  than  diamond.  Their  composition 
is  uncertain,  but  N-C-H  compounds  are  considered  as 
probable  constituents  [11]. 

X-ray  diffuse  scattering  [12]  and  high-resolution 
electron  microscopy  [13]  show  that  la  diamonds  also 
contain  planar  {111}  defects.  Existence  of  sphere-like 
(isometric)  clusters  with  diameter  ~8-9nm  [14,15]  or 
larger  [16]  has  been  reported.  Values  for  hardness  and 
low-temperature  thermal  conductivity  appear  to  depend 
on  the  presence  of  such  clusters  [17].  Extended  defects 
can  be  produced  during  laboratory  or  natural  HPHT 
annealing  [3,17]. 

Recently,  large  defect  clusters  have  been  identified  by 
small-angle  X-ray  scattering  (SAXS)  in  natural  IaB  and 
natural  and  synthetic  la  A  diamonds  [17].  Measurements 
reveal  the  presence  of  spherical  defect  clusters  about 
9  nm  in  diameter  in  IaB  crystals.  In  type  IaA  diamonds, 
the  scattering  contrast  is  much  weaker  and  the  cluster 
sizes  are  more  variable  (10-60  nm).  The  composition  of 
those  clusters  was  not  clear,  although  it  has  been 
suggested  that  they  may  have  a  significant  nitrogen 
component  [17].  The  purpose  of  this  paper  is  to  clarify 
the  composition  of  large  spherical  defects  (clusters) 
observed  by  SAXS  by  their  reproduction  under  labora¬ 
tory  conditions.  We  present  results  of  SAXS  and  optical 


measurements  on  synthetic  nitrogen-bearing  diamonds 
and  on  a  natural  low-nitrogen  stone,  annealed  at  HPHT 
conditions  for  different  periods,  and  demonstrate  that 
nitrogen,  if  present  at  all,  is  not  a  significant  part  of 
those  clusters. 

In  laboratory  experiments  on  nitrogen  aggregation, 
diamonds  are  usually  annealed  in  a  sequence  of  several 
short  runs  at  high  temperatures  (up  to  2800°C)  in  order 
to  increase  diffusion  rate.  Mechanical  stresses  as  well  as 
changes  in  pressure-temperature  parameters  during 
conventional  annealing  experiments  unavoidably  influ¬ 
ence  defect  diffusion.  The  situation  is  very  different  for 
the  majority  of  natural  diamonds,  which  are  annealed  at 
relatively  stable  upper  mantle  conditions,  at  modest 
temperatures  (<1400°C  [18]),  but  for  time-scales  of 
~109  years.  Therefore,  in  the  present  work  we 
performed  experimental  runs  with  durations  up  to 
960  h  hoping  to  make  a  closer  approximation  to  the 
conditions  of  annealing  of  diamonds  in  the  Earth’s 
mantle. 


2.  Experimental 

Two  synthetic  nitrogenous  lb  diamonds  and  one  low- 
nitrogen  (Ila)  natural  stone  from  the  Juina  district  of 
Brazil  have  been  used  in  this  work.  Synthetic  diamonds 
were  grown  with  a  Ni-based  catalyst.  Nitrogen  contents 
in  them,  determined  by  Fourier-transform  IR  spectro¬ 
scopy  (FTIR),  are  presented  in  Table  1.  Nickel  content 
of  synthetic  stones  was  measured  using  synchrotron- 
based  X-ray  fluorescence  (beamline  L,  HASYLAB). 
Total  Ni  concentration  was  of  the  order  of  tens  of 
atomic  ppm.  Optical  measurements,  discussed  below, 
revealed  that  the  concentration  of  Ni-related  point 
defects  was  on  the  ppb  level,  and  thus  most  of  Ni  was 
likely  present  as  metallic  inclusions.  FTIR  measure¬ 
ments  of  the  type  Ila  stone  showed  a  presence  of 
<  20  ppm  of  nitrogen  and  no  Ni  could  be  detected  in  it 
by  optical  absorption  or  luminescence. 

HPHT  experiments  were  carried  out  using  the 
Walker-style  1000-ton  multi-anvil  press  of  the  Lunar 


Table  1 


Defect  parameters  in  annealed  diamond  samples 


Sample  number 

Nitrogen  type 

Duration  (h) 

Total  N  content  (at.  ppm) 

Nitrogen  aggregation11  (%) 

SAXS  cluster  size  (nm) 

lb 

lb 

10  h  40' 

250 

25 

57 

2 

lb 

10 

240 

7 

57 

3 

lb 

250 

14 

44 

4 

lb 

W2M 

255 

10 

44 

5 

Ila 

100 

20 

— 

27 

a  Nitrogen  aggregation  is  a  ratio  of  A  center  concentration  to  the  total  nitrogen  content  after  annealing.  It  was  below  1%  before 
annealing. 

b Sample  1  was  annealed  incrementally  in  five  separate  experiments  run  for  462,  2,  74,  76  and  25  min. 
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and  Planetary  Laboratory,  University  of  Arizona.  Runs 
were  conducted  at  7.2  GPa  and  ~  1800‘C  using  14/8  mm 
assemblies.  Durations  ranged  from  10  h  to  40  days  and 
are  provided  in  Table  1.  Diamond  fragments  of 
approximately  2  mm  in  maximum  dimension  were 
loaded  into  Pt  capsules  and  packed  with  dry  graphite. 
Pressures  of  7.2  GPa  wrere  obtained  at  a  ram  force  of  294 
tons  (US)  following  calibration  by  Righter  and  Drake 
[19]  and  are  believed  to  approximate  well  to  hydrostatic 
conditions.  Temperatures  were  held  at  1 595  C  as 
measured  directly  using  WRe^/WRe?  thermocouples 
located  on  the  edge  of  the  heater,  2.0  mm  from  the  hot 
spot  where  the  diamonds  were  located.  Equivalent 
power,  which  was  found  to  be  a  reliable  estimation  of 
temperature,  was  held  constant  for  experiments  where 
thermocouples  failed.  Measurements  using  a  similar 
assembly  with  the  thermocouple  located  at  the  hotspot 
confirm  a  temperature  gradient  of  ~  100  C/mm,  and 
thus  samples  are  concluded  to  have  been  subjected  to 
temperatures  of  1 795  ±  50 C.  Experiments  were 
quenched  by  disconnecting  the  power  supply. 

SAXS  measurements  were  performed  in  the  angular 
region  of  15-1.2”.  A  small-angle  AMUR-K  X-ray 
diffractometer  [20]  with  Kratki-collimator  and  linear 
position-sensitive  detector  were  used  with  a  Ni-mono- 
chromated  Cu-anode  X-ray  fine  focus  tube  as  the  source 
of  X-rays.  The  experimental  curves  were  normalized  to 
the  primary  beam  intensity  by  applying  corrections  for 
sample  absorption  coefficients  and  holder  scattering. 
Calculation  of  the  size  distribution  of  scattering  objects 
was  performed  using  GNOM  software  [21].  All  mean 
defect  diameters  reported  in  this  study  are  obtained 
from  solutions,  stable  against  variations  of  a  maximum 
size  of  scattering  centers.  The  best  agreement  with  the 
experimental  data  was  achieved  by  approximation  of 
scattering  centers  as  a  polydisperse  system  of  hard 
spheres. 

FTIR  spectra  were  acquired  with  a  Philips  PU9800 
spectrometer  in  the  range  400-3500  cm  1  at  a  2  cm  1 
resolution.  Deconvolution  of  spectra  was  performed 
using  software  provided  by  David  Fisher  (D.T.C.).  Most 
samples  cracked  during  the  annealing  and  thus  the  IR 
spectra  of  treated  samples  were  taken  from  irregularly 
shaped  pieces.  Instead  of  conventional  transmission 
geometry,  a  superposition  of  transmitted  and  diffuse 
components  was  measured  using  a  DRIFT  sample 
holder.  This  could  affect  the  analysis  of  IR  spectra. 
However,  no  significant  changes  in  total  nitrogen 
content  with  annealing  were  observed  in  IR  spectrum 
from  any  sample. 

Optical  absorption  was  measured  in  the  range  1.2- 
5.6  eV  at  77  and  300  K  using  a  home-built  spectrometer. 
For  given  sample  thickness  a  sensitivity  of  -~10  2  cm  1 
was  achieved.  Photoluminescence  (PL)  measurements 
were  performed  at  77  and  300  K  under  3.68  eV  or 
2.41  eV  excitation  provided  by  N:  or  Ar 1  lasers. 


respectively.  For  2.41  eV  excitation  the  spectra  could 
be  measured  at  energies  above  (anti-Stokes  mode)  and 
below  (normal,  Stokes  mode)  the  excitation  laser  line. 
This  allowed  interference-free  detection  of  the  H3 
system  with  a  zero-phonon  line  at  2.463  eV  under 
2.41  eV  excitation.  PL  spectra  were  scaled  to  the 
integrated  diamond  Raman  peak.  After  normalization, 
the  concentration  of  the  detected  PL  centers  could  be 
estimated  by  comparison  of  the  spectra  with  the 
standards,  in  which  the  concentration  of  those  centers 
was  calibrated  by  optical  absorption  using  the  data  of 
Davies  [8]. 


3.  Results 

3.1.  Opt ical  studies 

Optical  spectra  measured  on  the  lb  HPHT  samples 
before  annealing  were  rather  featureless:  Absorption 
measurements  revealed  only  a  broad  spectrum,  asso¬ 
ciated  with  the  C  centers  and  only  the  2.56  eV  system, 
attributed  to  the  Nis  defect  [8],  has  been  observed  in  PL. 
Luminescence  intensity  was  relatively  weak,  suggesting 
that  the  corresponding  defect  is  present  on  the  ppb  level. 
The  PL  intensity  was  the  same  in  samples  1  and  2  being 
about  3  times  stronger  than  in  the  samples  3  and  4.  Only 
C-defcct  spectra  were  detected  in  IR  absorption,  which 
were  used  to  deduce  the  nitrogen  content  in  the  samples 
(see  Table  1). 

After  annealing  the  intensity  of  the  C  center  absorp¬ 
tion  decreased  and  a  threshold  at  4eV,  associated  with 
the  A  center,  emerged  in  all  lb  samples.  The  signature  of 
this  center  was  also  seen  in  IR  absorption  spectra. 
Moreover,  weak  absorption  appeared  from  the  1.945eV 
system,  which  was  associated  with  the  negatively 
charged  nitrogen-vacancy  ([N-V]  )  complex  [8],  By 
integrating  the  corresponding  vibronic  band  the  [N-V] 
concentrations  were  inferred  as  80.  80,  120  and  170  ppb 
with  the  uncertainty  of  40%  for  samples  1,  2,  3  and  4. 
respectively.  PL  from  all  these  samples  became  much 
brighter  after  annealing.  Spectra  under  3.68  eV  excita¬ 
tion  from  the  lb  HPHT  samples  1  and  2  were  dominated 
by  the  S2  and  S3  systems,  associated  with  different 
complexes  involving  one  Ni  and  two  or  more  nitrogen 
atoms  [22].  Intensity  of  PL  was  the  strongest  in  sample  1, 
an  order  of  magnitude  weaker  in  sample  2  and  even 
more  faint  in  samples  3  and  4.  In  accordance  with  the 
absorption  results.  PL  spectra  under  2.41  eV  excitation 
revealed  the  1.945eV  system,  having  about  the  same 
intensity  in  samples  1  and  2  and  about  twice  as  strong  in 
samples  3  and  4.  However,  sample  1  in  addition  showed 
the  H3  system  with  intensity  comparable  to  that  of  the 
[N-V]  band.  Meanwhile,  the  H3  luminescence  was 
much  weaker  in  sample  2  and  undetectable  in  samples  3 
and  4. 
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Along  with  the  UV-visible  absorption  and  PL  results, 
IR  measurements  on  annealed  samples  show  that  the 
degree  of  nitrogen  aggregation  decreases  from  sample  1 
to  4.  Along  with  the  absorption,  related  to  the  A  defect, 
a  weak  E-component  appeared.  This  component  has 
been  previously  reported  in  some  natural  Ia/Ib  dia¬ 
monds  [23]. 

In  type  Ha  diamond  (#5)  optical  absorption  measure¬ 
ments  reveal  a  presence  of  the  N9  center  on  the  level 
^  1  ppm.  PL  detected  minute  amounts  (ppb  level)  of  N3 
as  well  as  H3,  H4,  536nm  and  576  nm  centers.  Analysis 
of  the  vibronic  structure  revealed  that  the  576  nm  system 
is  irrelevant  to  the  575-nm  [N-V]°  related  center. 
Annealing  did  not  produce  any  changes  in  the  intensity 
of  N9,  N3,  536  nm  and  576  nm  systems.  Meanwhile,  the 
intensity  of  the  H4  lines  decreased  while  that  of  the  H3 
signals  increased.  Comparison  of  absorption  spectra 
from  the  different  pieces  of  sample  5,  before  and  after 
annealing,  with  absorption  spectra  from  natural  IaB 
diamonds  revealed  that  no  correlation  exists  between  the 
intensity  of  N9  absorption  and  the  concentration  of 
nitrogen  in  the  B  form.  For  example,  strong  N9  peaks 
were  recorded  in  the  Ha  sample  5  with  almost  no 
(^20  ppm)  B  defects.  Along  with  the  previous  work  [24] 
this  result  disproves  a  widely  tolerated  idea  that  the  N9 
center  is  related  to  the  B  nitrogen. 

No  platelets  were  observed  in  IR  spectra  of  our 
samples  either  before  or  after  annealing. 

Comparison  of  optical  results  of  each  run  shows  that, 
unexpectedly,  the  aggregation  of  nitrogen  was  the 
highest  in  sample  1,  which  was  annealed  for  only  10  h 
but  in  several  steps  (see  Table  1).  All  samples,  but  #5, 
still  contain  an  appreciable  fraction  of  nitrogen  in  the  C 
form  after  annealing  and  only  a  small  fraction  (<25%) 
of  nitrogen  converted  to  pairs  (A  defect).  This  result  is  at 
odds  with  many  other  works,  where  almost  complete 
transformation  of  nitrogen  (C->A)  could  be  achieved 
after  few  hours  of  annealing  at  similar  conditions  [2-4]. 

3.2.  Small  angle  X-ray  studies 

An  introduction  to  the  theory  and  details  of  the  SAXS 
technique  can  be  found  in  Ref.  [25].  All  diamonds 
investigated  in  this  work  were  examined  by  SAXS  and 
showed  no  scattering  prior  to  the  annealing.  This 
indicates  the  absence  of  defect  clusters. 

After  lOOh  or  960  h  annealing  of  synthetic  stones  (3 
and  4)  SAXS  signals  appeared.  The  deduced  gyration 
radius  of  scattering  defects  was  rather  close  for  both 
samples  and  is  equal  to  1 7  nm.  The  best  agreement  with 
the  experimental  curves  was  achieved  using  the  hard 
sphere  approximation.  The  diameter  of  the  spherical 
defects  in  samples  3  and  4  were  estimated  as  44  nm. 
Despite  the  similarity  of  defects  size  in  samples  1^1  the 
scattering  in  sample  4  was  much  more  intense  than  in 
samples  1-3.  This  indicates  a  higher  contrast  of 


electronic  density  of  the  clusters  with  the  diamond 
matrix  and/or  higher  concentration  of  clusters  per  unit 
volume  of  diamond. 

Rather  unexpectedly,  strong  scattering,  comparable  to 
that  from  sample  4,  was  observed  in  the  annealed  type 
Ha  diamond  (sample  5).  The  diameter  of  defects  in  it  is, 
however,  significantly  smaller  and  is  close  to  27  nm.  The 
difference  between  SAXS  curves  prior  and  after  anneal¬ 
ing  is  shown  in  Fig.  1 . 

After  10  h  annealing  of  synthetic  diamonds  (both 
incremental  and  continuous,  samples  1  and  2)  SAXS 
curves  were  close  to  the  background.  Because  the 
approximation  of  defects  by  the  hard  spheres  satisfacto¬ 
rily  fitted  experimental  curves  from  samples  3,  4  and  5 
this  model  was  also  applied  to  the  small  signals  in 
samples  1  and  2  and  yielded  a  diameter  of  the  spherical 
defects  of  ~  57  nm.  However,  referring  to  the  weakness 
of  the  experimental  signals,  we  would  stress  the 
approximate  nature  of  this  result. 

The  sizes  of  defects  responsible  for  SAXS  in  samples 
studied  in  this  work  are  similar  to  those  observed 
previously  for  annealed  synthetic  and  natural  IaA 
diamonds  [17].  Our  SAXS  data  show  that  there  is  no 
well-defined  boundary  between  the  defect  and  surround¬ 
ing  matrix.  Similar  results  were  obtained  earlier  from 
X-ray  diffuse  scattering  [26]. 

One  of  the  most  important  results  of  this  study  is  that 
the  contrast  between  scattering  clusters  and  the  diamond 
matrix  as  well  as  their  size  can  be  similar  in  nitrogen-rich 
and  nitrogen-poor  samples.  The  contrast  between  the 
electronic  density  of  the  defects  and  the  diamond  matrix 
is  significant.  For  nitrogen-containing  samples  this 
contrast  increases  with  the  duration  of  annealing  and 
the  defects  size  possibly  decreases  with  the  annealing 
time,  though  the  latter  fact  needs  larger  statistics. 
Significant  changes  in  the  X-ray  scattering  became 
observable  in  the  Ha  (low-nitrogen)  diamond  after 
much  shorter  annealing  (100  h),  than  that  for  the 
nitrogen-containing  sample  #4  (960  h).  However,  the 
reason  for  this  phenomenon  could  be  that  the  Ila 


Fig.  1.  Small-angle  scattering  from  type  Ila  natural  diamond. 
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diamond  used  in  our  study  was  natural  and  thus  already 
significantly  annealed.  This  explanation  is  supported  by 
the  fact  that  the  small  amount  of  nitrogen  (<20ppm)  in 
this  sample  was  present  in  the  aggregated  B  form  already 
before  the  experiment. 

4.  Discussion 

Several  factors  can  account  for  the  observed  small 
degrees  of  nitrogen  aggregation  and  the  differences 
between  continuous  and  incremental  runs.  It  is  known 
that  atoms  of  transition  metals  strongly  increase 
nitrogen  aggregation  rate  [27].  According  to  PL 
measurements,  the  concentration  of  Ni  atoms  was 
lowest  in  samples  3  and  4  which,  combined  with  the 
longer  durations  of  these  experiments  could  explain  the 
low  aggregation  rate  observed  for  these  samples 
compared  to  1  and  2.  However  an  additional  mechanism 
is  required  to  account  for  the  differences  in  aggregation 
rate  between  samples  1  and  2  which  contain  the  same 
quantities  of  nickel.  During  every  HPHT  annealing  cycle 
some  non-hydrostatic  pressure  component  is  present, 
especially  when  pressurizing  and  depressurizing  the 
sample.  This  can  result  in  production  of  vacancies,  thus 
greatly  facilitating  nitrogen  diffusion  [28].  With  anneal¬ 
ing  time,  the  majority  of  vacancies  should  disappear  into 
a  variety  of  sinks,  and  diffusion  rates  should  subse¬ 
quently  decrease  unless  a  new  pressure  load-release  cycle 
occurs.  We  would  conclude  from  these  observations  that 
many  historical  experiments  on  nitrogen  aggregation 
could  produce  artificially  high  diffusion  rates  compared 
to  natural  settings  which  do  not  involve  cyclical  pressure 
changes. 

One  of  the  major  results  of  this  study  is  that 
continuous  annealing  leads  to  much  lower  nitrogen 
aggregation  rate,  than  a  series  of  short  runs  of 
comparable  total  duration.  This  should  be  taken  into 
account  wrhen  analyzing  results  of  experiments  on 
nitrogen  aggregation. 

Our  experimental  results  also  suggest  that  the 
observations  by  SAXS  isometric  clusters  in  diamond 
are  not  related  [17]  to  previously  reported  extended 
defects  in  diamond,  such  as  platelets  or  voidites.  To  the 
best  of  our  knowledge,  neither  platelets  nor  voidites 
have  ever  been  observed  in  Ila  diamonds,  whereas  we 
have  been  able  to  produce  the  clusters  in  diamonds  of 
that  type.  Additionally,  the  presence  of  defect  clusters, 
differing  from  platelets,  is  indirectly  supported  by 
positron  annihilation  measurements  [29,30].  The  con¬ 
trast  of  electronic  density  with  the  diamond  matrix  is 
much  higher  for  platelets  than  for  the  clusters  we 
observe,  and  additionally,  the  cluster  contrast  is  sample 
dependent.  It  is  reasonable  to  suggest  that  the  variations 
of  contrast  could  be  related  to  different  amounts  of 
point  defects  inside  the  cluster.  For  example,  pressure 


increases  the  rate  of  interstitial-assisted  diffusion  [31].  If 
the  clusters  contain  appreciable  amount  of  interstitial 
atoms,  then  their  contrast  with  the  diamond  matrix  may 
depend  on  pressure  during  annealing.  Pressure  used  in 
our  experiments  (7.2  GPa)  is  higher  than  average 
pressure  experienced  by  most  natural  diamonds  (4- 
5  GPa  [18]).  This  could  be  an  explanation  why  the  SAXS 
contrast  is  higher  for  experimentally  annealed  samples 
than  for  natural  IaB  diamonds. 

The  similarity  of  SAXS  patterns  in  annealed  la  and 
Ila  diamonds  does  not  obviate  the  possibility  of  nitrogen 
as  a  component  of  all  clusters  per  se.  For  example,  it  was 
shown  that  ‘man-made’  voidites  [32]  and  platelets  [33] 
differ  from  ‘natural’  ones  in  terms  of  size,  shape  and 
probably,  composition.  Similarly  there  could  be  a  large 
variety  of  ways  to  form  observed  extended  defects.  In 
several  papers  voidites  formation  was  correlated  with 
the  platelet  degradation  [11,32],  however,  voidites  have 
also  been  reported  for  diamonds  without  platelets  or 
dislocation  loops  [34].  Despite  the  size  differences,  there 
is  no  evidence  from  SAXS  measurements  to  suggest  that 
the  clusters  in  nitrogen-rich  la  and  nitrogen-free  Ila 
diamonds  have  different  compositions.  It  is  concluded 
therefore,  that  the  clusters,  observed  in  the  present 
experiments,  in  addition  to  those  observed  previously 
for  la  A  and  IaB  stones  [17].  do  not  consist  of  nitrogen, 
but  possibly  contain  carbon  interstitials. 

5.  Conclusions 

Annealing  of  lb  and  Ila  diamonds  at  temperature  of 

1800  C  and  pressure  of  7.2  GPa  was  performed.  Long 
continuous  runs  (up  to  40  days)  were  used  in  order  to 
simulate  the  conditions  of  the  upper  mantle  of  the  Earth 
and  spectra  obtained  are  similar  to  naturally  annealed 
diamonds.  It  is  shown  that  the  nitrogen  aggregation  rate 
is  significantly  slower  in  single  duration  experiments 
than  in  those  involving  several  runs,  despite  similar  total 
time.  It  is  therefore  considered  likely  that  many  multi¬ 
ple-run  annealing  experiments  described  in  literature 
over-estimate  the  rate  of  nitrogen  diffusion  in  diamond. 
This  conclusion  has  a  significant  bearing  on  the  age/ 
temperature  relationships  calculated  for  natural  dia¬ 
monds. 

Three-dimensional  clusters  of  defects  were  formed 
during  our  experiments,  as  detected  by  SAXS.  Their  size 
is  similar  to  that  of  clusters  previously  observed  in 
annealed  natural  and  synthetic  IaA  and  IaB  diamonds. 
Nitrogen,  if  present  at  all,  is  not  an  important 
component  of  these  clusters,  but  they  may  contain 
carbon  interstitials.  Generation  of  the  observed  clusters 
is  independent  of  the  formation  of  platelets. 

Optical  results  reveal  that  HPHT  annealing  can  lead 
to  decay  of  the  4N-2V  (H4)  defects  into  2N-V  (H3)  and 
that  the  N9  optical  center  is  not  the  B  nitrogen  defect. 


A.A.  Shiryaev  et  al.  /  Physica  B  308-310  (2001)  598-603 


603 


References 

[1]  J.P.F.  Sellschop,  Nuclear  probes,  in:  J.E.  Field  (Ed.), 
The  Properties  of  Diamond,  Academic  Press,  London, 
1992. 

[2]  R.M.  Chrenko,  R.E.  Tuft,  H.M.  Strong,  Nature  290  (1977) 
40. 

[3]  T.  Evans,  Z.  Qi,  Proc.  Roy.  Soc.  London  A  381  (1982)  159. 

[4]  Yu.A.  Klyuev,  A.M.  Naletov,  V.I.  Nepsha,  L.D.  Belimen- 
ko,  V.A.  Laptev,  M.I.  Samoilovich,  Russ.  J.  Phys.  Chem. 
56  (1982)  323. 

[5]  E.V.  Sobolev,  N.D.  Samsonenko,  V.E.  Il’in,  J.  Struct. 
Chem.  10  (1969)  552. 

[6]  G.  Davies,  J.  Phys.  C  9  (1976)  L537. 

[7]  J.A.  van  Wyk,  G.S.  Woods,  J.  Phys.:  Condens.  Matter  7 
(1995)  5901. 

[8]  G.  Davies,  Physica  B  273-274  (1999)  15. 

[9]  J.M.  Baker,  Diam.  Rel.  Mater.  7  (1998)  1282. 

[10]  J.P.  Goss,  B.J.  Coomer,  R.  Jones,  T.D.  Shaw,  P.R. 
Briddon,  S.  Oberg,  Diam.  Rel.  Mater.  10  (2001)  434. 

[1 1]  P.B.  Hirsch,  P.  Pirouz,  J.C.  Barry,  Proc.  Roy.  Soc.  London 
A  407  (1986)  168. 

[12]  V.I.  Lisoivan,  Fiz  Tverdogo  Tela  21  (1979)  240  (in 
Russian). 

[13]  J.C.  Walmsley,  A.R.  Lang,  M.-L.T.  Rooney,  C.M. 
Welbourn,  Philos.  Mag.  Lett.  55  (1987)  209. 

[14]  Yu.A.  Klyuev,  A.M.  Naletov,  V.I.  Nepsha,  N.I.  Epishina, 
T.A.  Buligina,  Sov.  Phys.  Solid  State  19  (1977)  7. 

[15]  A.M.  Naletov,  Yu.A.  Klyuev,  V.I.  Nepsha,  T.A.  Buligina, 
N.I.  Epishina,  Fiz.  Tverdogo  Tela  19  (1977)  1529  (in 
Russian). 

[16]  R.R.  Ramanan,  S.N.N.  Goswami,  K.  Lai,  Acta  Crystal- 
logr.  A  54  (1998)  163. 


[17]  A.A.  Shiryaev,  Yu.A.  Klyuev,  A.M.  Naletov,  A.T. 
Dembo,  B.N.  Feigelson,  Diam.  Relat.  Mater.  9  (2000) 
1494. 

[18]  G.P.  Bulanova,  J.  Geochem.  Explor.  53  (1995)  1. 

[19]  K.  Righter,  M.J.  Drake,  Earth  Planet.  Sci.  Lett.  173  (1999) 
361. 

[20]  L.Yu.  Mogilevsky,  A.T.  Dembo,  D.I.  Svergun,  L.A. 
Feigin,  Kristallografia  29  (1984)  581  (in  Russian). 

[21]  D.I.  Svergun,  J.  Appl.  Crystallogr.  25  (1992)  495. 

[22]  V.A.  Nadolinny,  A.P.  Yelisseyev,  O.P.  Yuryeva,  B.N. 
Feigelson,  Appl.  Magn.  Res.  12  (1997)  543. 

[23]  C.D.  Clark,  S.T.  Davey,  J.  Phys.  C  17  (1984)  1127. 

[24]  G.  Davies,  I.  Summersgill,  Diam.  Res.  1  (1973)  6. 

[25]  L.A.  Feigin,  D.I.  Svergun,  Structure  Analysis  by  Small- 
Angle  X-ray  and  Neutron  Scattering,  Plenum  Press,  New 
York,  1987. 

[26]  A.M.  Naletov,  Ph.D.  Thesis,  Kiev,  1978  (unpublished). 

[27]  I.  Kiflawi,  H.  Kanda,  D.  Fisher,  S.C.  Lawson,  Diam.  Rel. 
Mater.  6  (1997)  1643. 

[28]  A.T.  Collins,  J.  Phys.  C  11  (1978)  L417. 

[29]  A.A.  Shiryaev,  A.  van  Veen,  H.  Schut,  A.C.  Kruseman, 
O.D.  Zakharchenko,  Radiat.  Phys.  Chem.  58  (2000)  625. 

[30]  A.A.  Shiryaev,  K.  Iakoubovskii,  A.  van  Veen,  H.  Schut,  R. 
Escobar  Galindo,  O.D.  Zakharchenko,  Yu.A.  Klyuev, 
F.V.  Kaminsky,  B.N.  Feigelson,  Mater.  Sci.  Forum  363— 
365  (2001)  40-46. 

[31]  M.  Aziz,  Appl.  Phys.  Lett.  70  (1997)  2810. 

[32]  T.  Evans,  I.  Kiflawi,  W.  Lyuten,  G.  van  Tendeloo,  G.S. 
Woods,  Proc.  Roy.  Soc.  London  A  449  (1995)  295-313. 

[33]  I.  Kiflawi,  J.  Bruley,  W.  Lyuten,  G.  van  Tendeloo,  Philos. 
Mag.  B  78  (1998)  299. 

[34]  G.  van  Tendeloo,  W.  Luyten,  G.S.  Woods,  Philos.  Mag. 
Lett.  61  (1990)  343. 


ELSEVIER  Physica  B  308  -310  (2001)  604  607  ===  .  ■  ■ 

www.clscvicr.com/1ocatc/physh 


Volume  expansion  and  stress  tensors  for  self-interstitial 

aggregates  in  diamond 

J.P.  Goss3  *,  R.  Jones3,  P.R.  Briddonb 

A  School  of  Physics,  University  of  Exeter,  Exeter  EX4  4QL.  UK 
b  Department  of  Physics,  University  of  Newcastle  upon  Tyne,  Newcastle  NE1  7RU.  UK 


Abstract 

We  present  the  results  of  first  principles  local  density  functional  calculations  of  the  volume  dilations  and 
piezospectroscopic  stress  tensors  for  interstitial  aggregates  in  diamond  to  facilitate  correlation  with  the  experimental 
centres.  £.  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  the  absence  of  any  imposed  stress,  isolated  point 
defects  are  equally  distributed  over  all  possible  orienta¬ 
tions.  Applying  a  compressive  stress  across  a  particular 
face  results  in  an  increase  in  energy  of  those  defects 
exerting  a  compressive  stress  on  this  face,  and  a  decrease 
in  the  energy  of  those  which  impose  a  tensile  stress.  The 
increase  in  energy  is  A£-(Tr5,-e)  where  r.  is  the 
imposed  strain  tensor  and  5,  is  the  traceless  energy- 
stress  tensor  for  defects  with  orientation  i.  The 
equilibrium  populations  of  defects  aligned  along  a 
direction  at  temperature  T  is  then  proportional  to 
exp(-AEj/kT).  If  the  defects  can  be  aligned  by  stress, 
then  the  fraction  with  orientation  i  can  be  measured  and 
the  5-tensor  found.  The  tensor  does  not  depend  on  an 
energy  barrier  between  different  orientations,  but  the 
barrier  must  be  low  enough  that  the  defects  can  reorient 
in  the  stress  field  and  thermal  equilibrium  be  established. 
The  tensor  B  can  be  obtained  by  the  total  energy 
methods  and  previous  calculations  have  produced 
agreement  with  the  experimental  stress  tensors  for  an 
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aggregate  of  four  self-interstitials  [1]  and  oxygen  defects 
[2]  in  Si. 

In  this  paper  we  apply  the  same  techniques  to  the 
known  interstitial  centres  in  diamond.  The  single,  di- 
and  tri-self-interstitial  defects  have  been  observed  via 
electron  paramagnetic  resonance  (EPR),  labelled  R2,  R.1 
and  03,  respectively  (Figs.  1  and  2(a)).  Stress  alignment 
data  [8]  has  only  been  reported  for  R2.  This  has  been 
investigated  previously  by  theory,  with  good  agreement 
between  the  calculated  and  measured  5-tensors  [3]. 
Encouraged  by  this  success,  we  report  in  this  paper  5- 
tensors  for  a  number  of  other  self-interstitial  aggregates. 


2.  Method 

We  use  a  local  spin-density  functional  method. 
AIMPR0,  in  large  supercells  containing  the  defect  [2.4]. 
Each  interstitial  defect  is  modelled  by  placing  the 
appropriate  number  of  extra  carbon  atoms  into  the 
centre  of  a  supercell  containing  up  to  216  host  atoms. 

To  calculate  the  stress  tensor  of  a  defect,  one  first 
relaxes  the  volume  of  the  supercell  containing  it.  This 
provides  information  about  dilatation  which  can  be 
measured.  Strains  are  then  imposed  across  the  surfaces 
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Fig.  1.  Diagram  showing  the  geometry  of  (a)  Ii  (R2),  and  (b)  b  (Rl).  Three-  and  four-fold  coordinated  interstitial  atoms  are  shown 
grey  and  black,  respectively. 


of  the  relaxed  supercell  and  the  derivative  of  the  energy 
with  strain  provides  the  components  of  the  5-tensor. 

The  volume  change  caused  by  a  defect  can,  in 
favourable  cases,  be  measured  and  compared  directly 
with  calculations.  We  adopt  the  notation  that  the 
fractional  change  in  volume  is  rj[X]/[C]  for  defect  X, 
where  [C]  is  the  number  density  of  host  sites,  rj  has  units 
of  the  volume  per  host  atom,  Krcf  =  al/ 8,  and  can  be 
then  be  interpreted  as  the  measured  volume  change 
caused  by  X.  As  an  example  A-centres  (neighbouring 
substitutional  nitrogen  atoms)  cause  an  increase  in 
lattice  parameter  interpreted  as  */ =  0.11  [5].  Calcula¬ 
tions  were  carried  out  in  a  64  atom  cell  containing  an  A- 
centre.  Volume  relaxation  yields  *7  =  0.11,  in  excellent 
agreement  with  the  experimental  data.  This  gives  us  the 
confidence  in  evaluating  the  volume  changes  associated 
with  other  defects. 


3.  Results 

The  structure  of  the  single  self-interstitial  is  a  [0  01]- 
oriented  split-interstitial  (Fig.  1(a)).  For  this  centre  we 
calculate  rj  =  1.9,  which  is  a  factor  of  twenty  times  than 
that  of  the  A-centre.  Due  to  the  high  symmetry  (D2d), 
the  5-tensor  for  a  defect  is  given  by  a  single  term.  For  a 
z-oriented  defect,  the  values  of  5VV,  Byy  and  5r~  found 
from  the  64  atom  unit  cell  are  13.8,  13.8  and  -27.6  eV, 
respectively.  The  5- tensor  can  be  directly  compared  with 
experimental  work  on  R2  [8],  which  implies  Bxx  =  Byy  — 
12  eV,  Bzz  =  —  24  eV. 

The  Rl  EPR  centre  has  been  identified  with  one  form 
of  the  di-interstitial  (h)  [6]  This  consists  of  two  parallel 
[001]  split-interstitial  defects  sited  at  nearest  neighbour 
locations  so  that  one  pair  of  dangling  bonds  is 
reconstructed.  This  leaves  the  remaining  pair  parallel 
to  a  [1  I  0]  direction  as  illustrated  in  Fig.  1(b).  We  have 
calculated  the  5- tensor  and  dilatation  for  h.  Since  there 
are  non-zero  off-diagonal  terms  in  the  I?  5-tensor,  we 
diagonalise  this  matrix  to  find  its  principle  values  and 


Table  1 


Principal  values  and  directions  for  the  stress-energy  tensors  (eV 
per  unit  strain)  of  self-interstitial  aggregates.  The  dilation 
constant  per  interstitial  t\/n  is  also  given 


Defect 

n/n 

5, 

b2 

53 

Ii 

1.9 

-27.6 

13.8 

13.8 

(R2) 

[0  01] 

[10  0] 

[010] 

I2 

1.7 

-44.4 

41.9 

2.6 

(Rl) 

23°  to  [0  0  I] 

23°  to  [1  10] 

[1  TO] 

I3 

1.6 

-89.7 

45.9 

43.8 

(03) 

2°  to  [001] 

2°  to  [100] 

[010] 

I4 

1.5 

-120.5 

60.3 

60.3 

[001] 

[100] 

[0100] 

directions.  The  diagonal  form  of  the  5-tensor  is  given  in 
Table  1,  as  well  as  the  volume  expansion  in  terms  of  rj 
for  this  centre.  Note  that  the  volume  dilation  per 
interstitial  is  lower  than  that  of  Ii,  showing  that  as  well 
as  eliminating  dangling  bonds,  aggregation  of  inter¬ 
stitials  also  reduces  the  local  strain,  and  hence  the 
formation  energy. 

One  form  of  the  tri-interstitial  eliminates  four  of  the 
dangling  bonds  leaving  a  pair  of  radicals.  This  is 
illustrated  in  Fig.  2(a),  and  can  be  understood  as  a 
next-nearest-neighbour  di-interstitial  in  a  (110)  plane 
with  an  additional  I]  in  the  (1  I  0)  plane  also  at  the  next- 
nearest-neighbour  site.  It  possesses  a  C2  axis  along  a 
cube  direction.  The  D-tensor  for  the  S  =  1  defect  is  close 
to  the  03  S  =  1  EPR  centre  [7]  which  also  has  this 
symmetry.  As  before,  the  additional  aggregation  reduces 
the  volume  relaxation  per  interstitial  (Table  1).  The 
diagonalised  5-tensor  for  I3  is  also  given  in  Table  1. 

The  structure  of  the  03  EPR  centre  leads  naturally  to 
a  stable  form  of  I4  shown  in  Fig.  2(b).  This  was 
originally  suggested  as  a  building  block  for  {001} 
platelets  in  diamond  [9].  The  bond  angles  only  deviate 
by  ±9°  and  bond  lengths  by  ±10%  from  bulk  values. 
The  calculated  rj  and  5- tensor  are  listed  in  Table  1. 
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Fig.  2.  Diagram  showing  the  geometry  of  (a)  I;,  (03),  and  (b)  I4.  Three-  and  four-fold  coordinated  interstitial  atoms  are  shown  grey 
and  black,  respectively. 


Note,  the  total  volume  relaxation  for  I4  is  close  to  that 
of  only  three  isolated  self-interstitials.  The  experimental 
value  of  By  for  the  corresponding  defect  in  silicon  is 
-28  eV  [10].  Scaling  this  experimental  value  for  I4  in 
silicon  by  the  ratio  of  the  bulk  moduli  of  diamond  to 
silicon  yields  a  value  of  Bzz  -  -126.5  eV,  very  close  to 
the  calculated  value  in  this  study. 

Finally,  it  is  useful  to  compare  the  volume  changes  of 
the  interstitial  defects  with  that  of  the  vacancy  in 
diamond.  The  level  of  theory  employed  cannot  treat 
the  individual  multiplets  of  the  vacancy,  and  in  line  with 
most  previous  work,  we  assume  the  defect  is  described 
by  a  single  determinental  wave  function.  We  used  a  64 
atom  supercell  from  which  we  have  removed  a  single 
atom.  The  atoms  bordering  the  vacancy  move  outwards 
and  form  a  cube  of  length  1.89  A,  but  the  net  volume 
change  of  the  entire  supercell  is  practically  zero,  with 
^<0.01.  In  fact,  the  only  large  deviations  from  bulk 
positions  for  the  vacancy  occur  at  the  nearest  neigh¬ 
bours.  We  conclude  that  the  volume  increase  due  to 
vacancies  is  very  much  less  than  that  for  interstitials,  and 
in  particular  the  effect  on  the  lattice  due  to  the  single 
self-interstitial  is  at  least  one  and  probably  several 
orders  of  magnitude  larger  than  that  due  to  the  vacancy. 


4.  Discussion  and  conclusions 

We  have  found  volume  increases  and  piezospectro- 
scopic  tensors  B  for  several  self-interstitial  defects  in 
diamond.  The  values  of  B  found  for  the  single  interstitial 
agree  very  well  with  the  measurements  on  the  R2  EPR 
centre.  To  our  knowledge,  no  other  alignment  studies 
have  been  carried  out  on  other  EPR  centres  linked  with 
interstitials,  although  the  RI  and  03  defects  could 
potentially  be  directly  measured.  The  volume  displaced 
per  interstitial  diminishes  as  the  aggregates  get  larger. 
This,  along  with  the  elimination  of  dangling  bonds, 
contributes  to  the  increased  binding  energy  per  inter¬ 
stitial  with  increasing  aggregates  size  [3]. 


The  very  large  magnitudes  for  the  5-tensor  elements 
of  multi-interstitial  defects  imply  that  even  for  relatively 
small  applied  stresses  a  detectable  polarisation  of  the 
defect  orientation  would  be  apparent,  provided  that  any 
barrier  to  reorientation  can  be  overcome. 

Finally,  it  is  clear  that  there  is  a  vast  disparity  between 
the  volume  expansion  arising  from  vacancy  and  inter¬ 
stitial  related  centres,  of  which  i|  is  usually  by  far  the 
dominant  species.  This  means  that  any  volume  expan¬ 
sion  measured  for  irradiated  material  by,  for  example, 
X-ray  diffraction,  arises  from  the  single  self-interstitial 
and  not  the  vacancy.  Such  a  volume  effect  should  be 
discernible  in  X-ray  experiments  on  heavily  irradiated 
diamonds  provided  that  the  damage  leaves  the  diamond 
essentially  crystalline. 
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Abstract 

Based  on  new  spectroscopic  information  retrieved  by  experiments  on  individual  Nitrogen-Vacancy  (NV)  defect 
centers  in  diamond,  we  introduced  the  five-level  photophysical  model  of  the  center  and  demonstrate  its  applicability  to 
describe  consistently  different  experiments  on  single  NV  centers.  The  model  takes  into  account  the  triplet-triplet 
character  of  the  optical  transition  3A-3E  (637  nm)  of  the  center  and  the  presence  of  a  metastable  singlet  state  ]A. 
Supposing  optical  excitation  rates  By  from  spin  substates  T  =  X,  Y,  Z  of  the  ground  3  A  state  as  well  as  the  fluorescence 
emission  rates  Ay  to  these  substates  to  be  different  ( Bv/Bx  a  1 1,  Bx  =  By  while  Ay/Ax  %  18,  Ax  =  Ay),  we  were  able  to 
fit  consistently  the  experimental  data  obtained  for  green-laser-excited  single  NV  centers  at  room-temperature:  (i) 
lineshapes  of  fluorescence-detected  magnetic  resonance  at  2.88  GHz  in  the  ground  3  A  state  and  their  changes  due  to  the 
strains  in  the  diamond  crystal,  (ii)  fluorescence  saturation  and  (iii)  photon  antibunching/bunching  in  the  fluorescence 
light  emitted  by  a  single  NV  center,  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Single  defect:  Quantum  optics:  Optically  detected  magnetic  resonance 


1.  Introduction 

Recently  the  nitrogen-vacancy  (NV)  defect  center  in 
diamond  has  been  observed  [1]  and  studied  in  detail 
spectroscopically  [2-5]  as  an  individual  quantum  object 
using  single  molecule  spectroscopy  (SMS)  (see,  e.g.  Ref. 
[6]  for  review).  The  centers  consist  of  a  nitrogen  atom 
(N)  and  a  vacancy  (V)  in  adjacent  lattice  sites.  At  low 
NV  concentration  (^1  center  per  pm3)  they  are  well 
separated  spatially  and  can  be  detected  individually  [1] 
using  scanning  confocal  microscopy.  Therefore,  exciting 
individual  NV  centers  and  counting  emitted  fluorescence 
photons  with  an  appropriate  photon  detector,  one  can 
measure  the  average  fluorescence  intensity  <  /n  )  and  the 
second  order  fluorescence  intensity  correlation  function 
f/2l(i)  =  </n(/)/f|(/  +  t)>/</n)\  study  their  variations 
from  center  to  center  and  their  changes  under  additional 
external  influences.  Experiments  of  such  kind  [1-5]  have 
provided  new  insight  into  the  photodynamics  of  the 
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center  and  contributed  new  information  to  the  char¬ 
acterisation  of  the  defect  which  has  a  long  history  based 
on  conventional  high-resolution  spectroscopic  techni¬ 
ques  (see,  e.g.  Refs.  [7-9]  for  review  and  references).  In 
particular,  it  has  been  established  [10]  that  under  green/ 
blue  optical  excitation  the  centers  exhibit  strong  red 
fluorescence  (yield  d  =  0.96)  due  to  dipole-allowed 
E-A  optical  transitions  with  a  zero-phonon  line  (ZPL) 
at  1.945eV  (2,^637nm)  and  a  phonon-assisted  band 
spaced  ~  300  meV  apart.  The  essential  feature  of  the  NV 
center  is  that  its  electronic  ground  state  is  a  spin  triplet 
3 A  [7-9,1 1].  At  zero  field  the  state  3 A  is  split  by  crystal 
field  into  a  doublet  X,  Y  (ws  =  ±1)  and  a  singlet  Z 
(ws  =  0)  separated  by  2.88  GHz.  In  turn,  the  excited 
electronic  triplet  state  3E  of  the  center  has  a  rather 
complicated  fine  structure  [12]  originating  from  spin- 
spin  and  spin-orbit  interactions  as  well  as  from  the 
strain  in  the  crystal.  Additionally,  the  center  has  a 
metastable  singlet  state  !A  [13]  to  which  it  can  escape 
from  the  fluorescent  3E  state  through  intersystem 
crossing  (ISC).  Optical  illumination  generates  the  non- 
Boltzman  distribution  of  populations  of  the  ground  3  A 
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state  spin  sublevels  X,  Y  and  Z  due  to  transitions  in  the 
optical  pumping  circle  that  do  not  conserve  spin 
projections.  As  a  result,  optically  excited  NV  centers 
exhibit  a  strong  ESR  signal  at  2.88  GHz.  In  turn, 
microwaves  (MW)  at  ~  2. 88  GHz  modify  the  popula¬ 
tions  of  the  spin  sublevels  which  results  in  changes  of  the 
fluorescence  intensity  emitted  by  the  optically  excited 
center,  thus  providing  the  basis  for  a  variety  of 
fluorescence-detected  magnetic  resonance  (FDMR)  phe¬ 
nomena  [7-9,1 1]. 

Experiments  [1-5]  with  single  NY  centers  which 
eliminate  completely  the  effects  of  inhomogeneous 
broadening  and  ensemble  averaging  allowed  (i)  to 
measure  the  absolute  value  (~10%)  of  the  FDMR 
effect  [1],  (ii)  to  study  the  fluorescence  saturation  [1-5] 
(saturation  power  of  1 .3  mW  has  been  determined  at 
focused  laser  beam  diameter  ~  1 .6  pm),  (iii)  to  observe 
antibunching  of  the  fluorescence  photons  emitted  by  the 
center  [3-5].  All  the  above  experiments  have  been  done 
at  room-temperature  and  under  green-laser  optical 
excitation.  In  Refs.  [3-5]  the  NV  center  photokinetics 
has  been  analysed  in  terms  of  the  simplest  three-level 
model  that  ignores  the  triplet  character  of  the  ground  3  A 
state  of  the  center.  Here  we  introduce  a  more  realistic 
five-level  model  which  allows  to  describe  consistently  a 
wide  range  of  optical  and  FDMR  experiments  dealing 
both  with  single  NV  centers  and  with  their  ensemble. 
The  model  is  practically  important  for  quantum  optics 

excited  DWP 


due  to  recent  suggestions  to  use  the  single  NV  center  as  a 
single-photon  emitter  [3-5]  as  well  as  to  a  construct 
quantum  computer  using  13C  nuclear  spins  in  vicinity  of 
the  center  [14]. 

2.  Five-level  model  of  the  NV  center 

The  basic  idea  of  the  model  for  the  green-laser- 
excited  NV  center  is  illustrated  in  Fig.  1  where  the  left 
part  shows  double-well  potentials  (DWPs)  for  the 
ground  3A  and  excited  3E  electronic  states  of  the  center 
calculated  in  Ref.  [15]  using  a  simple  analytical 
expression  for  DWP  to  fit  the  experimental  fluorescence 
spectra  for  few  single  NV  centers  [1].  Due  to  different 
positions  of  the  DWPs  minima,  the  most  effective 
optical  excitation  of  the  center  is  provided  by  green/ 
blue  optical  radiation.  Internal  conversion  (IC)  trans¬ 
fers  the  center  to  the  fluorescing  zero-phonon  vibra¬ 
tional  substate  of  the  N  atom  in  the  upper  DWP. 
Transitions  to  the  vibrational  states  in  the  ground 
DWP  form  the  fluorescence  spectrum  with  the  outer 
left  transition  in  the  Fig.  1  contributing  to  the  ZPL, 
while  the  other  ones  contribute  to  the  phonon  side¬ 
band.  Fast  IC  destroys  completely  the  optical  coher¬ 
ence,  allowing  to  describe  laser  excitation  of  the  center 
in  terms  of  Einstein  coefficients  B  =  bl0pt-  Moreover,  it 
makes  it  possible  not  to  consider  the  details  of  the  fast 
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‘r^r-  conversion  (  -  fs) 
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Fig.  1.  Left:  Double-well  potentials  for  ground  and  excited  electronic  states  of  the  center  as  well  as  respective  vibrational  energies  of 
the  N  atom  within  the  DWPs  calculated  in  Ref.  [15].  The  figure  takes  into  account  a  possible  tunneling  of  the  N  atom  into  the  vacancy. 
Right:  Spin-triplet  substructure  of  ground  3A  and  fluorescing  excited  3E  states  and  the  presence  of  ‘metastable’  singlet  'A  state  S  of  the 
center.  The  five-level  photophysical  model  of  the  center  incorporates  the  states  E,  S,  X,  Y  and  Z. 
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movement  of  the  center  over  intermediate  vibrational 
states  and  consider  only  final  zero-phonon  states.  In 
doing  so  we  will  neglect  the  complicated  substructure 
of  the  excited  state  of  the  NV  center  [12]  and  consider  it 
as  a  single  fluorescing  state  E.  On  the  other  hand,  to  be 
able  to  describe  the  FDMR  phenomena  within  the 
model  we  will  consider  the  ground  triplet  electronic 
state  of  the  center  as  consisting  of  three  spin  substates 
X,  Y  and  Z.  Additionally,  our  five-level  model 
incorporates  the  singlet  state  'A  which  is  indicated  on 
the  right  part  of  Fig.  1  as  state  S.  According  to 
Drabenstedt  et  al.  [2]  the  state  S  lies  at  37  meV  lower 
than  the  E  state.  Due  to  ISC  transition  the  center  can 
be  shelved  into  this  state  with  rate  k.  Opposite 
deshelving  transitions  SE  will  be  taken  into  account 
by  rate  d  =  cly  +  rfop!  consisted  of  the  contribution  clj 
due  to  a  phonon  absorption  as  well  as  the  contribution 
flop!  describing  possible  optical  excitation  of  the  center 
into  higher  singlet  states  followed  there  by  ISC 
transition  to  the  triplet  manifold  [2]. 

In  general,  optical  excitation  rates  By  from  different 
spin  substates  T  =  X,  Y,  Z  as  well  as  the  spontaneous 
emission  rates  Ay  to  these  substates  are  different  for 
different  substates  T.  The  reasons  are  the  spin-projection 
selection  rules  for  excitation  as  well  as  the  simplified 
description  of  the  excited-state  spin  manifold  as  a  single 
level.  In  particular,  different  spin  sublevels  of  the  excited 
electronic  state  are  characterized  by  spin-selective  rates 
for  ISC  transitions  to  and  from  the  singlet  state  S 
resulting  in  their  different  populations.  Effectively,  these 
different  populations,  in  combination  with  selection 
rules  for  emission,  result  in  different  rates  of  arrival  of 
the  center  at  the  sublevels  X,Y,Z  by  spontaneous 
emission.  Clearly,  the  total  fluorescence  rate 
A  =  13.7  MHz  [16]  is  A  =  Ax  A-  Ay  A-  Az .  Due  to 
symmetry  considerations  we  will  suppose  spin  subsub¬ 
states  X  and  Y  to  be  optically  equivalent:  Bx  =  By  and 
Ax  =  Ay. 

The  density  matrix  equations  for  the  model  can  be 
written  straightforwardly  using  respective  rates  By,  Ay, 
k  and  d  to  describe  optical  and  ISC  transitions  while 
considering  the  interaction  of  a  triplet  spin  with  MWs 
with  all  necessary  details  i.e.  taking  into  account  MW- 
induced  coherences  in  terms  of  density  matrix  elements 
Pxz’  Pyz  an<3  Pxy •  In  the  representation  rotating  with 
the  MW  frequency  co,  one  gets  a  set  of  1 1  by  1 1  linear 
differential  equations  with  constant  coefficients.  In  these 
equations  essential  parameters  for  MW-spin  interaction 
are  the  Rabi  frequency  W  ~  WXZ  =  W'Vz  =  -mB~  (m 
is  magnetic  dipole  matrix  element  for  transitions 
X(Y)-Z,  and  B±  are  MW  field  amplitudes)  and  the 
detuning  c  =  o)\z  -  co,  e  -  A  =  co vz  -  co.  Decay  of 
coherence  (e.g  of  the  element  pxz)  is  described  in  these 
equations  by  the  rate  TXz  =  *xz  +  (Lxz  +  LXy  + 
^zv  +  EZx)/2  4-  ( Bx  +  Bz)/2  where  Kxz  is  the  rate  of 
pure  spin  dephasing  due  to  fluctuating  nuclear  spins 


around  the  NV  center,  Lyy  takes  into  account  spectral 
diffusion  and  spin-lattice  relaxation  and  the  final  term, 
proportional  to  the  optical  intensity  (By  =  bTIopl ), 
results  from  finite  lifetimes  of  spin  substates  due  to 
optical  excitation. 

Under  steady-state  conditions  the  equations  of  the 
model  can  be  solved  analytically.  The  fluorescent  state 
population  pf:v  is  calculated  to  determine  the  average 
fluorescence  intensity  </nuor>  =  ApfF  and  to  describe 
the  fluorescence  saturation  with  optical  power  P0?x 
and  the  FDMR  lineshape,  i.e.  the  dependence  of 
</iiuor)  on  the  MW  frequency  co.  The  second  order 
correlation  function  has  been  calculated  according 
to  g[~\x)  =  MxPhhixxW  +  ^yPhf.iyyW  +  AzpFFZZ(r)\ 
/A Pm,  where  Pj.r:TT(T)  are  the  transient  solutions  for 
p nnW  with  the  initial  condition  that  at  time  /  =  0  the 
center  is  in  the  state  T.  The  weight  coefficients  Ay /A  are 
the  probabilities  for  the  center  to  be  in  the  state  T  after 
the  emission  of  the  first  photon  at  the  moment  t  —  0. 

Analysis  has  shown  that  a  consistent  description  of 
the  experiments  [1-5]  can  be  done  if  one  supposes  that 
the  induced  absorption  rates  Bx(-  By)  and  Bz  for  the 
green-laser  excited  NV  center  differ  by  a  factor  of  -  1 1 
{Bz/Bx~~  11),  while  the  fluorescence  rates  zfx(=  Ay) 


Fig.  2.  Experimental  FDMR  lineshapes  for  two  individual  NV 
centers  [1]  and  those  calculated  using  the  five-level  model  of 
Fig.  1  with  parameter  values  indicated  in  the  text.  Center  2 
exhibits  ideal  symmetry  (zero-field  splitting 

d  —  o)XZ  -  coy 7  =  0)  while  for  center  1  this  symmetry  is  broken 
due  to  influence  of  strain  (A  =  5.4  MHz). 
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Fig.  3.  Noise-corrected  experimental  g[2\x)  functions  measured 
in  Refs.  [3-5]  at  different  optical  powers  P0 pt  and  those 
calculated  using  five-level  model  of  Fig.  1  at  parameter  values 
indicated  in  the  text. 


and  Az  to  these  sublevels  differ  by  a  factor  of  18 
(Tz/Tx~18).  At  room  temperature  ISC  shelving/ 
deshelving  rates  are  high  enough:  k~A/ 3;  d~A/ 10 
with  optical  deshelving  dop\  to  be  negligible.  The  model 
with  these  parameters  predicts  optical  alignment  of  the 
center  (under  low-intensity  optical  illumination)  at 
which  most  of  population  is  in  Z  substate:  pzz~0.4, 
=  p*y  ~0.3,  p|s  ~  0.006.  The  model  gives  the 
experimentally  monitored  value  ~10%  of  the  FDMR 
effect  and  fits  well  the  FDMR  lineshapes  (Fig.  2).  Using 
the  laser  beam  diameter  as  an  additional  fitting 
parameter  and  taking  the  experimental  value  of 
~0.15%  for  the  fluorescent  photon  detection  efficiency 
we  were  able  to  fit  well  the  experimental  data  of  Refs.  [3- 
5]  for  the  fluorescence  saturation  behavior,  the  satura¬ 
tion  power  Popt  =  1.3mW  and  the  saturated  fluores¬ 


cence  intensity  ~5kcounts/s.  Finally,  the  correlation 
functions  #(2)(t),  calculated  within  the  model,  fit  rather 
well  the  noise-corrected  experimental  ones  [3-5],  de¬ 
monstrating  strong  photon  antibunching  at  short  times 
(Fig.  3).  Preliminary  analysis  shows  that  additionally  the 
model  with  the  above  parameters  describes  well  experi¬ 
mental  data  on  FDMR  transients,  obtained  previously 

[11]  for  NY  ensemble. 
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Abstract 

Effects  of  X-ray.  (3  and  UV  irradiation  on  semiconducting  diamonds  (type  lib)  were  studied  and  compared  with  those 
induced  at  the  same  conditions  in  natural  (type  la)  and  in  synthetic  diamonds.  Methods  of  optical  absorption,  of  X-ray 
and  light  induced  luminescence,  of  thermoluminescence  (TL)  as  well  as  of  optically  stimulated  luminescence  and 
optically  stimulated  thermoluminescence  (OSL  and  OSTL)  were  used  for  the  investigations.  The  lib  diamonds  showed 
in  the  UV  a  weak  absorption  band  at  260  nm  and  a  sharp  increase  of  absorption  below  230  nm.  while  in  the  la  samples 
the  absorption  increased  sharply  below  300  nm  and  absorption  bands  appeared  near  310,  385  and  415  nm.  In  the  X-ray 
induced  luminescence  of  all  samples  an  emission  band  appeared  near  440  nm:  in  the  la  samples,  additional  band  was 
recorded  near  500  nm  and  a  very  weak  one  at  about  360  nm.  In  all  samples  TL  could  be  excited  by  X-ray,  p  as  well  as  by 
360-nm  UV  radiation;  and  in  the  lib  diamond  also  by  225  and  470  nm.  In  the  TL  of  lib  diamonds  main  emission  bands 
appeared  at  475  and  665  nm.  and  in  the  OSTL  of  the  la  samples  at  650  nm.  The  thermal  activation  energies  were 
evaluated  and  found  to  be  of  about  0.36.  0.52  and  0.67  cV  at  the  360.  420  and  520  K  peaks,  respectively.  The  main  TL 
peaks  appeared  in  all  samples  above  RT  at  the  same  temperatures  and  with  the  same  thermal  activation  energies.  The 
results  indicate  that  these  TL  peaks  are  due  to  the  same  radiation  induced  trapping  levels  in  all  investigated  types  of 
diamonds,  while  in  the  emission  of  the  various  samples  different  luminescence  centers  arc  involved.  The  TL  reached  in 
all  investigated  samples  saturation  for  relatively  low  radiation  doses,  'f\  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  78. 30. Am:  78.60.Kn:  78.60.  Ya 
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1.  Introduction 

Irradiation  effects  and  formation  of  radiation  induced 
defects  in  diamonds  have  been  studied  for  several 
decades.  Most  of  these  studies  concentrated  on  natur¬ 
al — type  la  diamonds;  in  some  studies  also  semicon¬ 
ducting — type  lib  diamonds  were  investigated  (e.g.:  [1- 
4]).  More  recently  also  synthetic  diamonds  [5]  as  well  as 
diamond  films  grown  by  chemical  vapor  deposition 
technique  (CVD)  [6]  were  applied  for  these  studies. 
Some  of  the  CVD  diamonds  were  also  found  to  be 
highly  suitable  for  application  in  radiation  dosimetry  [7], 
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In  the  present  work,  effects  of  X-ray,  p  and  UV 
irradiation  were  studied  in  semiconducting  diamonds 
(type  lib)  and  compared  with  those  induced  at  the  same 
conditions  in  natural  (type  la)  and  in  synthetic-boron 
containing  diamonds.  Methods  of  optical  absorption,  of 
X-ray  and  light  induced  luminescence  (XL  and  PL)  of 
thermo! uminescence  (TL)  as  well  as  of  optically 
stimulated  luminescence  and  optically  stimulated  ther¬ 
moluminescence  (OSL  and  OSTL)  were  applied  for  the 
studies. 


2.  Experimental  techniques 

The  X-ray  irradiations  were  performed  with  a  W-tube 
(40  kV,  15  mA)  and  the  p  irradiations  with  a  90Sr  source 
of  a  1.5Gy/min  dose  rate.  The  UV  irradiations 
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carried  out  with  a  Xe  lamp  (150W)  and  a  grating 
monochromator.  The  P  irradiations  were  carried  out  at 
room  temperature  (RT)  and  the  X  and  UV  irradiations 
at  various  temperatures  between  80  and  300  K.  The  TL 
measurements  above  RT  were  carried  out  in  a  TL 
compartment,  flushed  by  N2  gas;  the  heating  rate  above 
RT  was  5K/s.  For  the  low  temperature  absorption, 
luminescence  and  thermoluminescence  measurements 
the  samples  were  kept  in  liquid  nitrogen  vacuum 
cryostat  and  for  the  TL  measurements  they  were  heated 
at  a  rate  of  20K/min.  The  OSTL  and  OSL  were 
stimulated  at  various  temperatures  between  80  and 
400  K  by  monochromatic  light  in  samples  which  had 
previously  been  exposed  to  X  or  p  radiation.  The  optical 
absorption  was  measured  with  a  Cary  17  spectro¬ 
photometer.  The  PL,  OSL,  TL  and  OSTL  measurements 
were  taken  with  Aminco-Bowman/2  luminescence-spec¬ 
trometer. 


3.  Results  and  discussion 

3.1.  Optical  absorption 

The  lib  diamonds  showed  in  the  UV  a  weak 
absorption  band  near  260  nm  and  a  sharp  increase  of 
absorption  below  230  nm.  In  the  la  samples  the 
absorption  increased  sharply  below  300  nm  and  an 
additional  absorption  band  appeared  on  the  absorption 
tail  at  310nm  and  weaker  bands  at  385  and  415 nm. 

3.2.  XL,  PL  and  OSL 

During  X-ray  irradiation  at  RT,  a  luminescence  band 
was  recorded  in  the  lib  samples  at  450  nm.  At  liquid 
nitrogen  temperature  (LNT)  an  XL  emission  band 
appeared  in  these  samples  at  435  nm  and  was  narrower 
and  by  an  order  of  magnitude  stronger  than  at  RT.  In 
the  la  type  diamonds  a  main  XL  band  was  recorded  at 
RT  at  445  nm  with  a  shoulder  at  500  nm  and  a  weaker 
band  at  360  nm.  By  cooling  to  LNT  the  main  445  nm 
band  intensity  increased  by  a  factor  of  three.  In  Fig.  1, 
XL  emission  spectra  of  the  various  types  of  diamonds 
are  given.  No  photoluminescence  could  be  detected  by 
UV  excitation  in  the  lib  and  in  the  synthetic  diamonds 
neither  before  nor  after  prolonged  exposure  to  ionizing 
radiation.  In  la  samples,  which  had  previously  been 
exposed  to  ionizing  radiation,  a  luminescence  emission 
could  be  excited  by  UV  light.  This  luminescence 
disappeared  after  heating  to  about  800  K  and  is  there¬ 
fore  attributed  to  an  OSL  emission,  where  carriers  are 
trapped  by  ionizing  X-ray  or  (3  irradiation  at  certain 
defect  levels  and  then  optically  stimulated  by  UV  or 
even  visible  light.  These  results  also  indicate  that  the 
defects,  induced  by  ionizing  radiation,  become  unstable 
at  about  800  K.  The  main  OSL  emission  band  was  at 


Wavelength  (nm) 

Fig.  1 .  X-ray  induced  emission  spectra  of  various  samples 
measured  at  LNT:  (a)  a  synthetic  diamond,  (b)  a  semiconduct¬ 
ing  lib  and  (c)  a  natural  la  diamond. 


340  nm  and  had  a  stimulation  maximum  at  the  absorp¬ 
tion  peak  at  310nm.  An  additional  broad  band  was 
recorded  in  the  la  samples  between  420  and  480  nm;  this 
broad  band  is  apparently  composed  of  two  spectral 
components  at  435  and  475  nm.  The  340  nm  emission 
band  could  also  be  excited  by  longer  wavelengths  up  to 
about  550  nm.  This  finding  supports  the  conclusion  that 
this  emission  is  due  to  a  process  of  optical  stimulation. 
The  intensity  of  all  these  OSL  emission  bands  increased 
markedly  by  cooling  from  RT  to  LNT. 


3.3.  TL  and  OSTL 

In  all  samples,  TL  could  be  excited  by  X,  p  as  well  as 
by  UV  radiation.  TL  peaks  above  RT  appeared  in  the 
various  samples  at  360,  420  and  520  K.  The  relative 
intensities  of  the  various  peaks  differed  and  in  some 
samples  additional  peaks  were  recorded  at  about  480 
and  550  K  The  thermal  activation  energies  at  the  main 
TL  peaks  were  evaluated  by  the  “initial  rise”  and 
“different  heating  rate”  method  (Booth  formula)  [8]. 
The  values  of  the  thermal  energies  were  found  to  be  in 
all  samples  about  0.36,  0.52  and  0.67  eV  at  the  360,  420 
and  520  K  peaks  respectively. 

After  irradiation  at  LNT,  different  TL  peaks  appeared 
in  the  various  samples.  After  X  irradiation,  the  main 
peak  appeared  in  the  lib  samples  at  265  K,  and  a  weaker 
one  at  145  K.  In  the  la  samples  TL  peaks  appeared  after 
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LNT  irradiation  at  180,  225,  260  and  300  K.  In  the 
synthetic  samples.  TL  peaks  were  recorded  at  145,  240, 
300  and  355  K.  The  355  K  peak  is  probably  the  same  as 
the  360  K  peak,  which  appears  after  RT  irradiation.  This 
360  K  peak  decays  very  fast  at  RT  (about  75%  of  its 
initial  intensity  in  1  min);  this  is  apparently  due  to 
thermal  fading. 

In  all  examined  diamonds.  TL  could  also  be  excited 
by  UV  light  and  the  dependence  of  the  excitation 
efficiency  on  the  wavelength  of  the  exciting  light  was 
measured.  TL  excitation  spectra  of  the  main  360  K  peak 
had  in  all  samples  a  maximum  at  365  nm.  In  the  lib 
samples  the  UV  excitation  spectrum  had  an  additional 
main  maximum  at  225  nm  and  at  LNT  also  at  470  nm. 
In  the  I  lb  diamonds,  the  main  peak  appeared  by  225  nm 
excitation  at  265  K  and  by  365  nm  excitation  at  285  K. 
TL  excitation  spectra  are  shown  in  Fig.  2.  In  la 
diamonds  that  had  previously  been  X-ray  or  (3  irradiated 
at  RT  and  subsequently  illuminated  at  LNT  with  light  of 
310  nm  glow  peaks  were  recorded  during  heating  from 
LNT  to  RT  at  116  and  285  K.  These  glow  peaks  could 
not  be  excited  by  310  nm  UV  light  in  un-irradiated  la 
diamond  samples  and  not  in  X  or  p  irradiated  samples 
that  were  heated  to  800  K  before  exposure  to  the  310  nm 
illumination.  These  1 16  and  285  K  glow  peaks  excited  by 
the  310  nm  illumination  are  therefore  attributed  to  a 
process  of  OSTL.  In  this  process,  carriers  which  were 
trapped  by  the  ionizing  radiation  in  deep  traps  at  RT, 
are  subsequently  stimulated  by  the  illuminating  light  and 


a 


Fig.  2.  TL  excitation  spectra  of:  lib  diamond  at  (a)  RT.  (b) 
LNT. 


transferred  to  shallower  traps;  the  OSTL  is  emitted 
during  their  thermal  release  and  radiative  recombina¬ 
tion.  It  may  be  noted  that  the  wavelength  of  310  nm  was 
also  optimal  for  the  stimulation  of  OSL  in  pre-irradiated 
la  samples.  In  the  pre-irradiated  synthetic  diamonds, 
illumination  with  500  nm  caused  the  optical  bleaching  of 
the  520  K  TL  peak  and  the  rise  of  the  420  K  peak;  this  is 
also  attributed  to  a  photo-transfer  from  a  deep  trap  to  a 
shallower  one.  No  OSTL  was  recorded  in  the  lib 
samples. 

The  spectral  composition  of  the  TL  emission  was 
measured  at  the  main  glow  peaks.  In  the  TL  emission  of 
type  lib  diamonds,  the  main  bands  appeared  at  475  and 
665  nm.  The  emission  of  the  main  OSTL  peak  in  the  la 
diamonds  was  at  650  nm.  Emission  spectra  measured  at 
the  main  glow  peaks  are  shown  in  Fig.  3.  The  fact  that 
different  emission  bands  appeared  in  the  various 
examined  diamonds  indicate  that  different  luminescence 
centers  are  involved  in  the  emission  of  these  samples. 
The  finding  that  the  main  TL  peaks  appeared  in  the 
various  samples  at  the  same  temperatures  and  with  the 
same  thermal  activation  energies  indicate  that  these  TL 
peaks  are  due  to  the  same  radiation  induced  trapping 
levels. 
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Fig.  3.  TL  Emission  spectra  of  lib  diamond  recorded  after  UV 
irradiation  at  LNT  with:  (a)  225  nm.  (b)  360 nm  UV  light  and 
(c)  emission  spectrum  of  la  diamond,  recorded  at  the  116K. 
OSTL  peak  after  X  irradiation  at  RT  and  310nm.  illumination 
at  LNT. 
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Fig.  4.  Dependence  of  the  TL  intensity  on  beta  dose  of:  (a)  la 
diamond  (enlarged  x  10),  (b)  lib  diamond  and  (c)  synthetic 
diamond. 

The  dependence  of  the  TL  intensity  on  the  dose  of  the 
exciting  radiation  were  also  measured.  The  dependence 


of  the  TL  intensity  on  the  dose  of  the  exciting  (3 
radiation  is  shown  in  Fig.  4  for  the  various  investigated 
types  of  diamonds.  It  can  be  seen  that  the  TL  intensity 
reaches  in  these  samples  saturation  for  relatively 
low  doses.  A  similar  behavior  of  dose  dependence 
was  also  recorded  for  UV  excited  TL.  This  behavior 
is  not  favorable  for  application  in  TL  dosimetry, 
but  may  be  different  for  other  types  of  synthetic 
diamonds. 
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Abstract 

Optical  and  magnetic  properties  of  nickel  related  defects  in  as-grown  diamond  are  reviewed.  Published  and  new  data 
on  the  problem  of  negatively  charged  substitutional  nickel  are  presented  and  discussed.  We  show  that  the  2.51  eV 
absorption  band  occurs  at  the  Nis ,  the  spin-orbit  and  the  Jahn-Telier  interactions  playing  important  roles  in  the 
optical  properties  of  the  defect,  ((:'■  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Transition  metals  (TMs),  namely  nickel,  cobalt,  iron, 
manganese  and  most  of  the  first  TM  series,  are  used  as 
solvent  catalysts  during  the  growth  of  diamond;  hence 
the  metals  can  become  incorporated  in  the  diamond,  at 
atomic  level,  as  point  defects.  However,  only  nickel  and 
cobalt  are  known  to  exist  in  this  way  [1-3],  i.e.  bonded  to 
the  diamond  lattice;  the  other  TMs  appear  to  resist 
incorporation  or  avoid  detection.  Nickel  is  now  known 
to  form  optical  and  paramagnetic  centres,  and  to  have 
complex  interactions  with  nitrogen.  The  observed 
properties  of  Ni  related  centres  strongly  depend  on  the 
nitrogen  concentration  ([N])  in  the  diamond.  In  as- 
grown  high-pressure  high-temperature  diamond,  either 
interstitial  or  substitutional  Ni  is  observed,  depending 
on  the  concentration  of  neutral  nitrogen,  [N°],  which 
controls  the  Fermi  energy  and  hence  the  charge  state  of 
the  active  centres. 

In  as-grown  diamonds  with  [N]<I0ppm.  two  Ni 
interstitial  EPR  centres  are  observed.  The  NIRIM1  has 
an  isotropic  {/-factor,  and  is  assumed  to  be  a  tetrahedral 
Ni*  atom;  the  NIRIM2  has  c)  {  ~0  and  g  =  2.3285, 
and  is  assumed  to  be  N i j 4  in  trigonal  symmetry  [4],  Also, 
nickel  related  absorption  bands  occur  at  1.2,  1.4  and 
3.1  eV.  The  1.4eV  system,  which  can  be  detected  in 
luminescence  as  well,  consists  of  a  zero-phonon  doublet, 
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at  1.401  and  1.404eV.  The  splitting  of  the  ground  state 
was  accounted  for  in  terms  of  spin-orbit  (S-O) 
interaction.  Fine  structure  in  each  of  the  doublet  has 
shown  to  be  due  to  isotopic  splitting  and  is  consistent 
with  one  nickel  atom  per  optical  centre  [5].  Uniaxial 
stress  and  Zeeman  measurements  have  led  to  the 
conclusion  that  the  defect  has  trigonal  symmetry  and 
that  both  the  ground  doublet  and  the  excited  singlet 
have  effective  spins  S’ =  5;  the  {/-values,  determined 
from  the  Zeeman  data  for  the  ground  state  of  the 
doublet,  agree  with  the  {/-values  of  the  EPR  study  of  the 
NIRIM2  defect.  Therefore,  it  was  then  concluded,  and 
recently  confirmed  [6,7],  that  the  centre  concerned 
is  an  interstitial  positive  Ni  ion,  Ni-*  ,  in  a  trigonal 
environment. 

In  as-grown  diamonds  with  [N]>50ppm,  an  isotropic 
EPR  signal  (W8)  with  {/ =  2.0319  has  been  identified 
with  the  negative  charge  state  of  isolated  substitutional 
nickel,  Nis  [8].  Optical  features  typical  of  these 
diamonds  are  two  centres  with  zero-phonon  lines  (ZPLs) 
at  1.885  and  2.51  eV.  The  1.885eV  defect  has  rhombic-I 
symmetry  and.  given  the  circumstantial  evidence,  it  was 
suggested  to  occur  at  a  Ni-N  complex  [9].  Absorption  at 
1.885  and  at  2.51  eV  has  been  tentatively  correlated  with 
the  strength  of  the  W8  signal  [10],  however,  no  definite 
answer  was  produced. 

In  this  paper,  using  high-resolution  absorption  data 
and  uniaxial  stress  measurements,  we  show  that  the 
2.51  eV  ZPL  is  consistent  with  a  transition  from  a  4A2 
ground  state  into  a  4T2  excited  state  at  a  tetrahedral 
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defect;  such  a  transition  is  forbidden  by  symmetry,  but 
becomes  allowed  through  S-0  induced  mixing  of  the 
excited  and  fundamental  states.  Furthermore,  we  show 
that  S-O  interaction  splits  the  excited  state,  giving  rise  to 
the  fine  structure  observed  in  the  ZPL.  In  view  of  the 
results  we  propose  that  in  fact  the  2.51  eV  absorption 
band  occurs  at  the  negatively  charged  substitutional 
nickel  (NO  that  is  the  same  defect  where  the  W8  EPR 
signal  occurs. 


2.  Experimental  details 

The  samples  used  in  this  work  were  synthetic  diamond 
grown  by  the  Japanese  Institute  for  Research  in 
Inorganic  Materials.  Absorption  measurements  were 
made  using  a  100W  quartz-halogen  tungsten  lamp. 
Light  from  the  sample  was  analysed  and  detected  by  a 
SPEX  monochromator  fitted  with  a  1200  grooves/mm 
grating  and  an  RCA  photomultiplier.  Uniaxial  stresses 
were  applied  using  oil  driven  push  rods,  the  samples 
being  cooled  by  liquid  nitrogen  or  liquid  helium. 


3.  The  2.51  eV  zero-phonon  line  shape 

The  2.51  eV  absorption  band  is  depicted  in  Fig.  1.  The 
ZPL  is  a  multiplet  spanning  about  1.5  meV.  Previous 
work  [11]  showed  that  the  fine  structure  must  be  due  to  a 
split  excited  state  and  cannot  be  accounted  for  in  terms 
of  isotopic  splitting  originated  by  the  different  abun¬ 
dances  of  the  Ni  isotopes.  The  same  work  reported 
uniaxial  stress  measurements  carried  out  at  77  K  (at  this 
temperature  no  fine  structure  can  be  detected),  suggest¬ 
ing  that  the  2.51  eV  centre  has  tetrahedral  symmetry,  the 
ZPL  occurring  between  T2  states.  However  no  obvious 
explanation  was  advanced  for  the  lack  of  splitting  under 
stress  of  the  ground  state,  nor  for  the  unfitting 
predictions  regarding  the  relative  intensities.  These 
discrepancies  can  be  clarified  in  a  model  that  considers 
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the  2.51  eV  band  to  occur  between  the  ground  and  first 
excited  states,  predicted  by  crystal  field  theory,  of  the 
Ni“,  that  is  between  a  4A2  ground  state  and  a  4T2  excited 
state.  Although  such  transition  is  symmetry  forbidden, 
S-O  interaction  makes  it  possible  through  mixing 
the  excited  4T2  state  with  the  4A2  ground  state;  such 
being  the  case,  and  loosely  speaking,  the  splitting 
pattern  under  stress  would  look  like  that  of  a  transition 
between  two  T2  states,  where  the  ground  state  is  not 
split.  We  now  show  that  the  fine  structure  can  also 
be  consistently  accounted  for  in  terms  of  the  above 
model. 

The  Hamiltonian  for  a  TM  ion  of  the  dn  configura¬ 
tion,  placed  in  a  cubic  crystal  field,  can  be  written  as 

H  =  Hcu  b  +  HS-o,  (1) 

the  two  terms  representing  the  crystal  field  and  the  S-0 
interaction,  respectively. 

At  a  site  of  tetrahedral  symmetry,  the  lowest  free  ion 
term,  4F,  of  Nr/  (3d7)  is  split  by  the  crystalline  field  into 
an  orbital  ground  state  4A2  (F2)  at  ~7202?4,  a  4T2  (F5) 
state  at  -120 B4  and  a  4Ti  (F4)  state  at  36054.  First  order 
S-O  interaction  splits  the  4T2  state  into  J  =  1/2  (F7)  at 
52/2,  J  =  3/2  (F8)  at  2  and  7=5/2  (r8+F6)  at 
-32/2;  second  orders  effects  further  split  the  J  =  5/2 
states. 

The  S-O  splitting  of  a  cubic  term  can  be  described  by 
the  effective  Hamiltonian  of  second  order  in  L  and  S 
[12]: 

HS-o  =  2(L  •  S)  +  k( L  •  S)“  -1-  p(LxSx  +  L~YS~y  +  LZSZ). 

(2) 

Here,  S  is  the  spin  (3/2)  and  L  is  the  effective  orbital- 
momentum  operator  within  the  cubic  term  ( L  =  1  for  a 
T2  term).  The  4T2  excited  state  can  be  written  as  the 
product  of  a  spatial  (|T2/>,  i  -  x,y,z)  and  a  spin  (|a ;>, 
j  =  —3/2,  ...,  +  3/2)  part  transforming  as  the  r5  and 
F8  representations  of  the  Td  double  group  respectively. 
In  this  basis  set,  the  secular  matrix  of  the  Hamiltonian  in 
Eqs.  (1)  and  (2)  can  be  written  as 
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Fig.  1.  The  2.51  eV  absorption  band,  recorded  at  4  K.  The  zero- 
phonon  line  is  a  multiplet  spanning  about  1.5mcV. 


Here,  ft  =  k  +  p,  S  =  k-  21,  y  =  3  k  -  22,  q  =  k  4-  22 
and  A  =  600 B4  are  the  energy  separation  between  the 
ground  (4A2)  and  the  first  excited  state  (4T2)  before  S-0 
interaction.  Fitting  the  eigenvalues  of  the  above  matrix 
to  the  measured  energy  values  and  the  intensity  ratio  of 
the  components  in  the  ZPL,  calculated  using  the 
eigenvectors,  to  the  measured  ones,  yields  the  following 
set  of  values  for  the  parameters  (all  but  the  first  in  meV): 

41=  2.5105  eV,  /= -0.163, 

k  =  -0.326,  p  =  0.532.  (3) 

Fig.  2  showrs  a  comparison  between  the  experimental 
zero-phonon  band  shape  and  the  calculated  one. 


assuming  a  bi-Lorentzian  shape  for  each  component  of 
the  ZPL,  /(v)  =  ci/[b  +  (v  —  and  using  the  values 
in  Eq.  (3)  to  calculate  the  intensity  (a)  and  the  energy 
(vo)  of  each  component.  The  width  ( b )  of  each 
component  was  measured  experimentally. 

4.  Uniaxial  stress  results 

The  effects  on  the  energies  of  the  ZPLs  of  uniaxial 
compressions  of  up  to  2GPa  applied  along  the  <00  I  >, 
<111)  and  <110)  axes,  with  the  crystal  cooled  to  4  K, 
are  shown  in  Fig.  3.  The  data  are  consistent  with  the 
2.51  eV  ZPLs  being  transitions  from  a  4A2  ground  state 
into  a  4T2  excited  state  in  the  centre  of  tetrahedral 
symmetry.  The  excited  state  is  split  into  a  quartet  by 
S-O  interaction  taken  to  second  order. 

Since  the  strains  used  in  the  experiments  are  small,  the 
stress-induced  change  in  the  Hamiltonian  is  linear  in  the 
stress  tensor  components  <x,7,  and  can  be  written  as: 

AH  =  C\(axx  +  (Tyv  +  ozz )  -f  C[io(2(j::  —  <rYV  —  ervl.) 

+  Cn,:yj3(<Txx  —  <7|  i  )  -f-  Cy:oyz  +  Czxgzx  4-  Cy,  <ty,  . 

(4) 

Here  the  electronic  operators  CA, ...,  Cxy  transform  as 
shown  by  the  subscripts  in  the  tetrahedral  point  group. 
In  terms  of  the  basis  set  we  define  matrix  elements  B  = 
2<T2.v|Ck,|T1v)/n/3  and  C=  <T2y|Cyv|T2i  ). 

In  the  experiments  it  is  not  possible  to  separate  the 
effects  of  totally  symmetric  stresses  ou  on  the  excited  T2 
and  ground  A2  states,  hence  we  define  the  parameter 
A  —  <T2,|Ca|T1v>  -  <A2|Ca|A2).  The  analysis  is  sim¬ 
plified  by  noting  that  there  are  no  matrix  elements  of  the 
stress  perturbation  between  states  of  different  spins. 


“  - - 1 - 1 - - - 1 -  i  - 1 - till 
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Energy  (eV) 

Fig.  2.  Comparison  between  the  experimental  (points)  zero-phonon  band  shape  (the  same  as  in  Fig.  I)  and  the  calculated  one  (line).  A 
i-Lorentzian  shape  for  each  component  has  been  assumed.  The  values  of  the  parameters  (see  text)  were:  A  =  2  5I05eV  and  tin  me VI 
2=  -0.163.  k=  -0.326  and  p  =  0.532. 
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Applied  Stress  (GPa) 

Fig.  3.  Theoretical  (lines)  and  experimental  stress-induced  splittings  of  the  2.52 eV  zero-phonon  line  at  4K  (experimental  points  for 
P||[l  1 0]  were  obtained  at  77  K). 


The  lines  in  Fig.  3  have  been  calculated  using  this 
theory  with  the  parameters:  A  =  1.45  meV/GPa, 
B  =  2. 1 5  meV/GPa,  and  C  =  - 1 .93  meV/GPa.  The 
agreement  between  the  predictions  and  the  data  estab¬ 
lishes  that  the  defect  has  tetrahedral  symmetry,  and  that 
the  2.51  eV  transition  occurs  between  4A2  and  4T2  states. 
Spin-orbit  interaction  admixes  the  ground  and  excited 
states,  which  makes  the  transition  possible,  and  also 
produces  the  fine  structure  splitting. 


5.  Discussion 

The  work  of  Isoya  et  al.  [8]  shows  that  the  g  =  2.0319 
EPR  signal  is  from  a  Ni“  (3d7)  located  at  a  substitu¬ 
tional  site  in  diamond,  with  an  effective  spin  S  —  3/2. 
We  have  shown  that  the  fine  structure  and  behaviour 
under  applied  stress  of  the  2.51  eV  ZPL  is  consistent 
with  a  transition  occurring  between  4A2  and  4T2  states  at 
a  tetrahedral  defect.  These  have  the  predicted  symmetry 
and  order  of  the  crystal  field  split  states  originated  from 
a  4F  term  of  the  d7  electronic  configuration  expected  for 
the  Nir  ion  in  diamond,  hence  the  conclusion  that  both 
the  EPR  signal  and  the  2.51  eV  optical  transition 
originate  at  the  same  defect 

The  orbital  degeneracy  of  the  excited  state  implies 
that  it  is  unstable  against  distortions,  which  lower  its 
symmetry  and  lift  the  electronic  degeneracy.  This  type  of 
instability,  first  studied  by  Jahn  and  Teller,  couples  the 
electronic  and  vibrational  motions  lowering  the  energy 
of  the  symmetrical  configuration  by  Ejy.  If  the  Jahn- 


Teller  and  the  S-O  interactions  are  comparable,  it  has 
been  shown  that  the  Jahn-Teller  coupling  partially 
quenches  the  first  order  S-O  interaction  within  the  T2 
state,  reducing  it  by  a  factor  Q = exp[- 3/2(£jt / fan)], 
where  hco  is  the  average  energy  for  the  effective  phonons, 
while  it  may  either  diminish  or  enhance  the  second  order 
S-O  interactions  within  this  state  [13,14].  The  g-value 
for  the  ground  state  is  related  to  A  =  22  through  g  — 
ge  —  this  gives  for  A,  within  the  ground  state,  a 

value  of  -4.7  meV,  about  30  times  larger  than  the  S-O 
coupling  parameter  within  the  4T2  state.  This  indicates 
the  importance  of  Jahn-Teller  coupling  to  understand 
fully  the  optical  properties  of  the  Ni~. 
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Abstract 

The  low-temperature  X-band  EPR  study  of  Kyi  and  Ky2  centers  assigned  to  positively  charged  carbon  vacancy  (Vc  ) 
in  two  quasicubic  sites  of  6H-SiC  crystal  is  presented.  The  Cs  symmetry,  spin  S=  1/2  and  close  coincidence  of  the  g- 
tensor  components  have  been  revealed.  The  principal  values  of  3-tensor  are  determined  as  g.  =  2.0048,  gx  =  2.0022  and 
3,  =  2.0037  for  Ky2  defect,  where  z-  and  ^-directions  reside  in  the  (1  1  2  0)  plane  and  the  z-axis  makes  up  an  angle  65° 
with  the  c-axis.  The  same  residence  of  z-  and  .v-axis  and  an  angle  59°  are  found  for  Kyi  center  with  g.  =  2.0058, 
3a.  =  2.0025  and  3,.  =  2.0023.  For  Ky2  center,  the  principal  values  and  corresponding  directional  cosines  of  the 
hyperfine  (HF)  interaction  tensor  A  are  determined  for  four  Si  atoms  in  the  nearest  neighborhood  of  the  defect.  Ky3 
center  is  tentatively  proposed  as  Vc  defect  in  quasihexagonal  site  of  6H-SiC.  The  results  of  ab  initio  DFT  calculations 
using  cubic  Cl8Sii6H36  and  hexagonal  Ci8Si2oH4o  clusters  corroborate  the  main  features  of  proposed  Vc  defect  models 
including  the  point  symmetry  and  values  of  HF  parameters.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Intrinsic  defect;  Carbon  vacancy;  Silicon  carbide;  EPR 


1.  Introduction 

Positively  charged  carbon  vacancy  Vc  was  originally 
identified  in  p-type  cubic  SiC  based  on  the  intensity  ratio 
of  all  hyperfine  satellite  lines  to  the  main  lines  [1].  An 
EPR  spectrum  labeled  T5  belongs  to  a  paramagnetic 
defect  with  D2  symmetry,  spin  S  =  1/2  and  axially 
symmetric  HF  tensor  along  <1  1  1>  axis,  A\\  =  -18.9x 
10  4 cm  1  and  A±  =  —13.8  x  10“4cm~1.  In  the  recent 
publications  a  variety  of  carbon  vacancy-related  defects 
have  been  found  in  electron  irradiated  p-type  4H-  and 
6H-SiC  [2-6].  Some  of  them  with  the  HF  constants 
being  about  twice  as  large  as  for  T5  center  have  also 
been  attributed  to  Vc  center  [4-6].  Subsequently,  a 
revision  of  T5  nature  as  the  (Vc-*- 2H)  complex  has  been 
proposed  in  Ref.  [7]. 

As  was  found  in  our  previous  work  [4],  three  carbon 
vacancy-related  defects  labeled  Kyi,  Ky2  and  Ky3  are 

♦Corresponding  author.  Fax:  +  380-44-265-8342. 
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detected  in  boron-doped  6H-SiC  crystals  after  a  high 
dose  2  MeV  electron  irradiation.  The  spin  Hamiltonian 
parameters  for  7>77K  were  found  for  Kyi,  Ky2  and 
Ky3  defects  when  some  indications  of  motional  aver¬ 
aging  were  observed  [4].  However,  the  ultimate  elucida¬ 
tion  of  defect  nature  requires  the  knowledge  about  its 
low-temperature  symmetry.  In  this  paper,  we  focus  on 
the  X-band  EPR  study  of  Kyi  and  Ky2  centers  at  4.2  K. 

2.  Experimental 

The  samples  for  electron  irradiation  were  high  quality 
Lely-grown  450  pm  thick  crystals  of  6H-SiC  with  boron 
content  of  about  4  x  10,7cm-3.  The  electron  irradiation 
was  performed  at  77  K  with  2.0  MeV  electron  beam 
parallel  to  the  crystal  c-axis  up  to  the  dose  of 
1  x  1018cm  ".  The  X-band  EPR  spectra  of  carbon 
vacancy-related  defects  were  measured  at  4.2  K  at 
microwave  power  level  of  40  nW.  The  angular  variations 
were  studied  for  a  rotation  of  the  magnetic  field  in  three 
mutually  perpendicular  (112  0),  (1  1 0  0)  and  (0001) 
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crystal  planes.  The  ^-values  were  determined  with  a 
precision  of  Ag  =  +0.0001  via  a  microwave  frequency 
counter  and  a  calibration  of  the  magnetic  field  by  a 
proton  NMR  probe. 


3.  Results  and  discussion 

Six-line  EPR  spectra  observed  for  Kyi  and  Ky2 
centers  for  rotation  of  the  magnetic  field  in  (1120) 
crystal  plane  indicate  Cs  symmetry,  spin  S  =  1/2  and  a 
close  coincidence  of  the  0-tensor  components.  Distinctly 
oriented  defects  are  magnetically  equivalent  in  couples 
when  magnetic  field  is  rotated  in  ( 1  T  0  0)  plane  and 
three-line  spectrum  is  detected  for  either  center  as  shown 
in  Fig.  la.  The  spectrum  Ky3  is  only  observed  at  a 
higher  temperature,  7"^30K.  Fig.  2  shows  the  angular 
variations  of  Kyi  and  Ky2  central  lines  in  three 
mutually  perpendicular  (1120),  (llOO)  and  (0001) 
crystals  planes.  From  these  dependences,  the  principal 


342.0  342.4  342.8  343.2 


Magnetic  Field,  mT 

Fig.  1.  EPR  spectra  of  electron-irradiated  6H  SiC  <B>  for  a 
rotation  of  the  magnetic  field  in  (1  1 00)  plane:  a,  central  lines 
and  b.  hyperfine  satellites  of  Ky2.  T  —  4.2 K.  v  =  9.609GHz. 
Angle  0  corresponds  to  the  direction  of  magnetic  field  B||c. 


values  of  r/-tensor  have  been  determined  as  g,  =  2.0048, 
gx  =  2.0022  and  cjv  =  2.0037,  where  r  and  x  directions 
reside  in  the  (1  1  20)  plane  and  the  r-axis  makes  up  an 
angle  65'  with  the  c-axis  as  shown  in  Fig.  3.  The  same 
residence  of  r-  and  .Y-axis  and  an  angle  59?  are  found  for 
Kyi  center,  g.  —  2.0058,  gx  =  2.0025  and  gy  =  2.0023. 
Spin  Hamiltonian  parameters  corresponding  to  HF 


(1120)  (0001)  (1100) 


Fig.  2.  EPR  angular  variations  of  Kyi  and  Ky2  centers  in  6H- 
SiC  for  rotation  of  the  magnetic  field  in  three  mutually 
perpendicular  crystal  planes.  T  =  4.2K.  v  =  9.609 GHz.  The 
triangles  are  the  experimental  points,  and  the  solid  curves  were 
calculated  with  the  spin  Hamiltonian  parameters  listed  in  the 
text. 


Fig.  3.  Directions  of  the  <y-tcnsor  principal  axes  for  Kyi  and 
Ky2  centers  in  6H  SiC. 
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Table  1 

Experimentally  determined  hyperfine  parameters  of  Ky2  center  in  6H-SiC 


Ligand  atom 

Principal  values  of  HF  tensor  (MHz) 

Directional  cosines  corresponding  to  A\\ 

Sil 

A\\  =  180.7  +  0.2 

/=(-0. 13  +  0.01;  0.00;  0.991+0.001) 

A±  =  119+1 

Si2 

A\\  =  129.5  +  0.6 

/=  (0.85  +  0.01;  0.00;  -0.53  +  0.01) 

A  ±  =87  +  1 

Si3 

A\\  =  153.7  +  0.3 

/=  (0.60+0.02;  0.77+0.02;  0.22+0.01) 

A±  =  108  +  1 

Si4 

A\\  =  153.7  +  0.3 

/=  (0.60  ±0.02;  -0.77  +  0.02;  0.22  +  0.01) 

A±  =  108  +  1 

interaction  with  nuclei  of  four  Si  atoms  in  the  nearest 
neighborhood  are  determined  just  for  the  Ky2  defect 
and  presented  in  Table  1.  Each  of  these  nuclei  is 
characterized  by  quasiaxial  HF  tensor  and  an  angle  a 
between  principal  axis  associated  with  A\\  and  direction 
from  the  undistorted  position  of  a  Si  atom  to  the  center 
of  the  defect.  The  directional  cosines  listed  in  Table  1 
correspond  to  a  values  in  the  range  of  8-12°. 

Due  to  longer  then  for  Ky2  center  spin-relaxation 
time,  low  intensity  of  the  Kyi  spectrum  precludes  from 
the  determination  of  its  HF  parameters  at  4.2  K.  The 
close  values  of  HF  parameters  for  Kyi  and  Ky2  centers 
were  found  at  77  K,  where  their  spectra  have  the  same 
intensities  [4].  Thus,  from  the  identical  spin  and  close 
values  of  the  ^-tensors  and  HF  parameters,  it  is  tempting 
to  suggest  that  Kyi  and  Ky2  spectra  originated  from  the 
same  carbon  vacancy-related  defect  in  two  quasicubic 
sites  of  6H-SiC  crystal.  In  previous  paper  [4],  this 
suggestion  was  supported  by  cluster  calculations  of  the 
point  symmetry  and  HF  parameters  with  tetrahedral  52- 
atom  clusters  Si4Ci2H36  and  Si3BCi2H36  and  geometry 
optimization  at  UHF/6-31G(d)  level  of  theory  [8]  with 
fixed  H  atoms.  In  our  new  approach  [9],  the  geometry 
optimization  of  larger  70-atom  Ci8Si16H36  cubic  cluster 
has  been  performed  with  higher  density  functional  level 
of  theory  and  all  electron  split  valence  Gaussian  basis  set 
6-311G(d)  with  polarization  d-functions  for  both  Si  and 
C  atoms.  The  D2d  point  symmetry  and  the  same 
A\\  ^  -  166  MHz,  Aj_=  -  97  MHz  hyperfine  parameters 
for  all  the  four  nearest  Si  atoms  have  been  obtained. 
Relatively  slight  deviation  of  experimentally  determined 
HF  tensor  from  the  D2d  point  symmetry  and  close 
coincidence  with  theoretical  values  demonstrate  a  rather 
small  perturbation  of  Vc  in  quasicubic  sites  of  6H-SiC 
by  axial  crystal  field. 

The  assignment  of  Kyi  and  Ky2  centers  to  Vc  defect 
in  two  quasicubic  sites  of  6H-SiC  lattice  generates  a 
question  regarding  the  microscopic  structure  of  Vc  in 
hexagonal  site.  As  was  pointed  out  earlier  [4],  the  HF 
structure  of  Ky3  spectrum  involves  three  doublets  with 
an  intensity  ratio  1:1:2  (Fig.  4)  analogous  to  Kyi  and 
Ky2  spectra.  Additional  observation  of  similar  hyperfine 
structure  on  low-field  HF  line  of  Ky3  spectrum  (Fig.  4c) 


Fig.  4.  X-band  EPR  spectrum  of  electron-irradiated  6H-SiC  < 
B  )  for  orientation  of  the  magnetic  field  B  parallel  to  the  [1  1 00] 
direction  (a).  The  details  of  hyperfine  structure  of  Ky3  defect 
central  line  (b)  and  low-field  HF  line  (c)  are  also  shown, 
7  =  77  K,  v  =  9.072  GHz. 

suggests  that  this  defect  can  be  a  candidate  for  Vc  in 
hexagonal  site.  Preliminary  calculations  of  Vc  hyperfine 
parameters  with  78-atom  hexagonal  cluster  [9]  reveal  the 
dramatic  changes  of  spin  density  distribution  over  four 
nearest  Si  atoms  as  compared  to  the  cubic  cluster.  The 
major  part  of  spin  density  is  localized  on  Sil  and  Si2 
atoms  located  in  a  symmetry  plane,  see  Fig.  3.  Curi¬ 
ously,  it  has  been  found  that  the  largest  HF  parameters 
take  place  for  Sil  atom  lying  along  the  c-axis  and  equal 
to  A\\  =  -  164  x  10-4  cm  1  and  A±  ~  -  99  x  10~4  cm-1 
in  close  agreement  with  the  experimental  values  [4]. 

Notice  that  EI6  defect  having  the  similar  parameters 
as  Ky3  center  has  been  tentatively  attributed  to  carbon 
antisite  Sic  [5].  However,  five  HF  doublets  should  be 
observed  in  this  case  in  accordance  with  the  number  of 
silicon  atoms  for  such  a  defect. 

In  conclusion,  the  Cs  point  symmetry  and  parameters 
of  spin  Hamiltonian  have  been  found  from  a  low- 
temperature  study  of  positively  charged  carbon  vacancy 
in  two  quasicubic  sites  of  6H-SiC  crystal.  Ky3  center  is 


624 


V.Y.  Bratus  et  a!.  /  Physica  B  308  310  (2001)  621-624 


tentatively  proposed  as  Vc-  defect  in  quasihexagonal  site 
of  6H~SiC.  The  results  of  ab  initio  DFT  calculations 
using  cubic  C|SSiI6Hv,  and  hexagonal  C|sSi2oH40 
clusters  corroborate  the  main  features  of  proposed  Vc' 
defect  models  including  the  point  symmetry  and  values 
of  HF  parameters. 
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Abstract 

Radiation-induced  defects  in  6H-silicon  carbide  were  investigated  with  electron  paramagnetic  resonance  (EPR),  the 
magnetic  circular  dichroism  of  the  absorption  (MCDA)  and  MCDA-detected  EPR  (MCDA-EPR).  In  irradiated 
samples,  annealed  beyond  the  annealing  temperature  of  the  isolated  silicon  vacancy  (VSi),  we  observed  photo-EPR 
spectra  of  spin  S  =  1  centers,  having  the  symmetry  of  nearest  neighbor  pair  defects.  By  MCDA-EPR,  they  were 
associated  to  optical  transitions  with  photon  energies  between  999  and  1075  meV.  The  hyperfine  structure  of  the  EPR 
spectra  shows  the  presence  of  one  single  carbon  and  several  silicon  ligands.  The  experimental  results  are  interpreted 
with  the  help  of  total  energy  and  spin  density  data  obtained  from  the  standard  local-density  approximation  of  the 
density-functional  theory,  using  relaxed  defect  geometries  obtained  from  the  self-consistent  charge  density-functional 
theory  based  tight  binding  scheme.  The  only  model  that  explains  all  experimental  findings  is  the  photo-excited  spin 
triplet  state  of  the  carbon  antisite-carbon  vacancy  pair  (Csr-Vc)  in  the  doubly  positive  charge  state.  We  conclude  that 
the  Csr-Vc  defect  is  formed  from  VSi  as  an  annealing  product  by  the  movement  of  a  carbon  neighbor  into  the  vacancy. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon  carbide;  Vacancies;  Antisite;  Electron  paramagnetic  resonance 


1.  Introduction 

The  silicon  vacancy  (VSi)  is  a  basic  defect  in  silicon 
carbide  (SiC)  which  can  be  introduced  during  crystal 
growth  or  by  irradiation  with  high-energy  particles,  e.g. 
during  ion  implantation.  The  negatively  charged  VSi  has 
been  identified  by  electron  paramagnetic  resonance 
(EPR).  It  anneals  out  at  750°C  with  an  activation 
energy  of  2.2 +  0.3  eV  [1].  In  elemental  semiconductors,  a 
lattice  vacancy  can  anneal  out  by  moving  through  the 
lattice.  In  a  compound  semiconductor  like  SiC,  the 
situation  is  more  complicated,  because  chains  of  antisite 
defects  must  be  created  if  the  vacancy  moves  by  nearest 
neighbor  hops.  It  has  recently  been  proposed  that  the 
first  step  in  such  an  annealing  process,  the  transforma- 
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tion  of  Vsi  into  the  CSi-Vc  antisite-vacancy  pair,  is  a 
quite  probable  process  [2].  Here,  we  provide  experi¬ 
mental  evidence  for  the  presence  of  the  pair  after 
annealing. 


2.  Experimental 

The  nitrogen-doped  (1018cm-3)  6H-SiC  samples  were 
grown  by  the  sublimation  sandwich  method.  They  were 
irradiated  with  reactor  neutrons  at  a  dose  of 
2x  1018cm-2  and  then  annealed  for  2  min  at  600°C, 
1000°C  and  1200°C,  respectively.  One  sample  of  the 
same  batch  was  left  unirradiated,  and  another  sample 
was  irradiated  but  not  annealed.  EPR  was  measured 
with  X-band  (9.8  GHz)  at  7K.  The  samples  were 
illuminated  in  situ  with  the  light  of  a  halogen  lamp. 
The  paramagnetic  part  of  the  magnetic  circular  dichro¬ 
ism  (MCDA)  is  proportional  to  the  spin  polarization  of 
the  ground  state  of  the  optical  transition.  Saturating 
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EPR  transitions  change  the  spin  polarization  which  is 
observed  as  a  decrease  of  the  MCDA  signal  intensity 
(MCDA-EPR). 


3.  Computational 

We  used  the  self-consistent  linear  muffin-tin  orbitals 
method  in  the  atomic  spheres  approximation  (LMTO- 
ASA),  treating  exchange  and  correlation  effects  within 
the  framework  of  the  local  spin  density  approximation 
of  the  density-functional  theory  (LSDA-DFT)  [3].  The 
atomic  positions  of  the  relaxed  structure  were  obtained 
from  additional  calculations  within  the  self-consistent 
charge  density-functional  theory  based  tight-binding 
(SCC-DFTB)  scheme  [4].  In  a  (5x6x1)  supercell 
model  of  the  6H  polytype  containing  300  atoms,  the 
defect  and  its  nearest  and  next  nearest  neighbors  were 
relaxed.  The  relaxation  energies  were  added  to  the 
LMTO  total  energies.  Starting  from  the  relaxed 
structures  obtained  from  SCC-DFTB,  the  hyperfine 
(HF)  interactions  were  calculated  within  an  extended 
version  of  the  LMTO-ASA  Green’s  function  method. 
For  further  details  of  this  combined  approach,  see  also 
Ref.  [5]. 


4.  Results  and  discussion 

The  EPR  signal  of  neutron-irradiated  and  annealed 
6H-SiC  consists  of  six  spin-triplet  spectra.  The  angular 
dependence  (Fig.  1)  was  analyzed  using  the  usual  spin 
Hamiltonian  for  S  =  1  including  fine  structure  (Table  1). 
For  three  of  the  centers  (P6a,  b  and  c),  the  principal  axis 
z  of  the  fine  structure  tensor  is  parallel  to  the  c-axis  of 


magnetic  field  [mTJ 


Fig.  1.  Angular  dependence  of  the  P6/P7  EPR-spectra  in  6H 
SiC.  measured  at  T  =  7K  in  X-band  (9.87 GHz).  Dots  indicate 
the  experimental  data.  The  solid  lines  are  calculated  curves 
using  the  parameters  given  in  Table  1. 


Tabic  1 

EPR  parameters,  angle  0  between  the  principal  axis  of  the  fine 
structure  tensor  and  the  c-axis.  and  optical  transition  energies 
of  the  P6/P7  centers11 


Center 

g 

D 

E 

0 

hv 

(10  4  cm  ’) 

(10  4 cm  ') 

(deg) 

(meV) 

P6a 

2.003 

456 

0 

0 

1075 

P6b 

2.003 

447 

0 

0 

1048 

P6c 

2.003 

430 

0 

0 

1011 

P7a 

2.003 

449 

-4 

71.2 

1049 

P7b 

2.003 

441 

46 

70.0 

1030 

P7c 

2.003 

416 

-1 

70.5 

999 

11  The  notations  P6  and  P7  for  the  axial  ( 0 ~  0‘)  and  the  basal 
(0*71")  orientations  is  adopted  from  Ref.  [6].  D  is  axially 
symmetric.  E  the  anisotropic  fine  structure  constant  [9]. 


the  crystal  (axial  orientations).  The  z-axis  of  the  other 
three  centers  (P7a,  b  and  c)  is  oriented  in  the  six  { 1  1  2  0} 
planes  at  an  angle  0  to  the  c-axis  (basal  orientations). 
The  angle  0  is  close  to  the  ideal  tetrahedral  angle 
(70.529°).  The  letters  a,  b  and  c  denote  three  different 
spectra  of  each  orientation,  which  are  thought  to  arise 
from  the  defect  at  the  three  inequivalent  lattice  sites  in 
6H-SiC.  Similar  spectra  have  been  measured  by  EPR  [6] 
and  PL-EPR  [7],  but  only  two  lattice  sites  have  been 
identified  so  far  [7]. 

The  P6/P7  spectra  were  present  in  the  samples 
annealed  at  600 ?'C,  1000  C  and  1200  C.  Their  highest 
intensity  was  observed  after  a  1000°C  anneal.  They  were 
not  found  in  the  unannealed  and  in  the  unirradiated 
samples.  All  EPR  spectra  emerged  only  during  illumina¬ 
tion  with  photon  energies  above  1.1  ±0.1  eV  and  hence, 
belong  to  a  photo-excited  state. 

The  MCDA  and  photoluminescence  (PL)  spectra  of 
the  unannealed  and  the  600°C-annealed  sample  showed 
optical  transitions  of  the  Vsj-related  defect  reported  in 
Ref.  [8].  This  signal  is  absent  after  a  1000^C  anneal. 
Instead,  MCDA  lines  between  1  and  1.1  eV  are  observed 
(Fig.  2).  In  each  of  these  MCDA  lines,  a  single  EPR 
spectrum  from  Table  1  was  detectable  with  MCDA- 
EPR.  The  higher  the  value  of  D,  the  larger  is  the  photon 
energy  of  the  optical  transition  observed. 

The  HF  splitting  of  the  P6c  EPR  signal  (Fig.  3) 
indicates  the  presence  of  one  single  !?C  nucleus 
(At  —  48  MHz,  intensity  of  one  HF  line  0.7±0.2%  of 
the  central  line)  and  four  to  eight  29Si  neighbors 
=12  MHz,  intensity  15  +  5%  of  the  central  line). 
The  “ySi-related  HF  lines  are  broadened  and  may 
contain  contributions  from  different  Si  neighbor  shells 
with  similar  HF  constants. 

The  symmetry  characteristic  for  a  nearest  neighbor 
pair  defect  and  the  intrinsic  nature  of  the  defect,  limit 
the  possible  models  to  the  vacancy  pair  (VSi-Vc),  the 
antisite  pair  (CSrSir)  and  the  vacancy-antisite  pairs 
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photon  energy  [meV] 


Fig.  2.  MCDA  spectrum  of  neutron-irradiated  and  at 
rann  =  1000°C-annealed  6H-SiC,  measured  under  additional 
excitation  of  the  sample  with  an  Ar-ion  laser.  In  each  of  the  P6/ 
P7  MCDA  lines,  one  of  the  EPR  spectra  from  Table  1  was 
measured  with  MCDA-EPR. 


Fig.  3.  Hyperfine  structure  of  the  P6c  low  field  line  for  B||c. 
The  line  marked  with  an  asterisk  belongs  to  a  different  defect. 


VSi-Sic  and  CSj-Vc.  Only  CSj-Sic  and  CSr-Vc  have  one 
prominent  C  nucleus.  The  antisite  pair  Csi-Sic  has 
excitation  energies  <0.2eV  and  can,  therefore,  by  no 
means  explain  the  optical  transitions  of  the  P6/P7 
centers  (~  1  eV). 

The  formation  energy  of  CsrVc  is  lower  than  that  of 
VSi  for  most  charge  states  (Fig.  4).  The  calculated  energy 
barrier  for  the  formation  of  (Cs~ Vc)°  from  V^i  (1.7  eV, 
[2])  is  close  to  the  experimentally  observed  activation 
energy  for  the  annealing  of  Vsi  (2.2+0. 3  eV,  [1]).  CSrVc 
is,  therefore,  expected  to  be  formed  from  VSj  as  an 
annealing  product. 

In  C3v  symmetry,  Csi-Vc  has  an  a^s)  level  in  the 
valence  band,  an  a^p)  and  an  e(p)  level  in  the  band  gap 
(Fig.  5).  The  ground  state  of  (CSi-Vc)2  +  is  a  singlet  lAi 
(ai(s)t  |).  Photon  energies  above  1.15 eV  (exp.:  l.leV) 


Fig.  4.  Formation  energies  of  the  silicon  vacancy  (V$i),  the 
carbon-antisite  carbon-vacancy  pair  (CsjVc),  and  sum  of 
formation  energies  of  the  isolated  carbon  antisite  and  the 
isolated  carbon  vacancy  (CSi  +  Vc). 


Fig.  5.  Induced  density  of  states  for  the  diamagnetic  ground 
state  of  the  Csp-V c  pair  in  the  charge  state  +  2. 


can  excite  one  electron  from  the  ai(s)  level  into  the  ai(p) 
level,  forming  the  *A2  (a^ta^p) |)  state.  A  non- 
radiative  transition  to  the  energetically  lower  metastable 
triplet  state  3A2  (ai(s)ta!(p)f )  is  possible  with  help  of 
phonons.  This  3A2  state  gives  rise  to  the  P6/P7  EPR 
spectra  observed  experimentally.  The  MCDA  is  ex¬ 
plained  by  the  excitation  of  the  aj(p)  electron  into  the 
e(p)  state  (ai(s)|e(p)t).  The  calculated  photon  energy 
(1.52eV)  is  in  reasonable  agreement  with  the  experi¬ 
mental  values  (1. 0-1.1  eV). 
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The  calculated  HF  interaction  with  the  CSj  ap¬ 
proaches  the  experimental  value  when  CSj  relaxes  22% 
away  from  Vc.  This  is  close  to  the  relaxation  predicted 
by  SCC-DFTB  (16%).  The  three  Si  neighbors  of  V(  and 
three  next  nearest  neighbors  of  CSj  (in  the  direction  of 
the  defect  axis)  contribute  to  the  silicon  HF  interaction 
with  similar  constants,  explaining  the  observed  HF  lines 
(6  +  2  inequivalent  Si  nuclei). 

A  similar  excitation  scheme  as  for  (CsrV<)2 1  is 
possible  for  (CsrV()°,  but,  in  this  case,  the  e(p)  state  is 
occupied  in  the  metastable  triplet  state  3E 
(a,(s)|  ia[(p)te(p)f)  and  gives  rise  to  a  large  HF 
interaction  with  the  Si  neighbors  of  V(-  (>  150  MHz), 
which,  by  far,  exceeds  the  experimentally  observed 
value.  Thus,  this  charge  state  must  be  ruled  out.  For  a 
more  detailed  discussion,  see  Ref.  [5]. 

In  summary,  we  have  identified  the  CSj-Vc  pair  in 
6H-SiC  in  the  doubly  positive  charge  state  on  all 
inequivalent  lattice  sites  and  in  all  orientations.  The  CSr 
Vc-  pair  is  the  ideal  candidate  for  the  annealing  product 
of  VSi.  The  bad  news,  though,  is  that  the  CSi-Vc  defect  is 
electrically  and  optically  active.  It  has  a  charge  transfer 
level  just  above  midgap.  Thus,  at  least  a  second  anneal 
step  is  required  to  remove  the  electrical  activity  of  silicon 
vacancy-related  defects. 
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Abstract 

In  the  present  study,  we  used  positron  annihilation  spectroscopy  to  investigate  defects  after  electron  irradiation  in  6H 
n-type  SiC.  The  density  of  vacancy-type  defects  strongly  increased  during  this  treatment.  An  isochronal  annealing 
experiment  was  performed,  and  the  main  recovery  stage  was  found  to  be  between  1000°C  and  1400°C.  This  corresponds 
to  the  annealing  range  of  the  E,/E2  defect,  which  was  also  found  by  a  correlated  positron  and  DLTS  study  in  6H-SiC 
epilayers  after  electron  irradiation  (J.  Appl.  Phys.  80  (1996)  5639).  Optical  excitation  experiments  during  the  positron 
experiment  show  that  the  observed  defect  has  an  ionization  level  at  about  Ec  -  0.47  eV,  which  is  similar  to  the  level 
2TC  —  0.44  eV  obtained  by  DLTS  for  the  ErfE*  defect  (Appl.  Phys.  Lett.  74  (1999)  839).  Doppler-coincidence 
experiments  suggest  that  the  observed  vacancy  is  surrounded  by  C  atoms,  so  that  most  probably  the  Si  vacancy 
(isolated  or  bound  to  an  impurity  or  another  defect)  is  the  dominating  defect  after  electron  irradiation.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  SiC;  Annealing;  Radiation  defects;  Positron  annihilation 


1.  Introduction 

Electrical  and  optical  properties  of  defects  in  semi¬ 
conductors  play  an  important  role  in  SiC  based  wide 
band  gap  electronic  devices.  One  way  to  introduce 
defined  defects  in  SiC  is  electron  irradiation.  Irradiated 
SiC  was  studied  by  several  experimental  methods  to 
characterize  the  introduced  defects  (DLTS,  PL,  ESR).  In 
order  to  study  open-volume  defects,  we  performed 
positron  lifetime  experiments  for  n-type  6H  SiC 
irradiated  with  2MeV  electrons  (dose:  1  x  1017  and 
3  x  1017cm-2).  The  positron  lifetime  was  found  to 
increase  after  irradiation  indicating  the  presence  of 
vacancy-type  defects.  Annealing  experiments  were  per¬ 
formed  to  observe  the  disappearing  or  agglomeration  of 
vacancies.  The  excitation  of  electrons  to  the  conduction 
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band  due  to  illumination  shows  different  annealing 
behavior  dependent  on  the  irradiation  dose.  Additional 
Doppler  broadening  coincidence  experiments  were 
performed  to  get  information  about  the  chemical 
environment  of  the  vacancies  observed  by  positrons. 

2 .  Experimental  details 

N-doped  SiC  bulk  wafers  ([N]=l  x  10I7cm~3)  of  a 
thickness  of  0.3  mm  were  purchased  by  the  Nippon  Steel 
Company  and  irradiated  in  the  Japan  Atomic  Energy 
Research  Institute  (JAERI)  with  2MeV  electrons  for 
two  different  doses  (1  x  10 17  and  3  x  1017cm-2)  at  room 
temperature.  The  size  of  the  samples  is  5  x  5  mm2.  A 
conventional  positron  emitter  22NaCl  (10-90  pCi)  was 
used  as  positron  source.  It  was  encapsulated  with  4  pm 
of  aluminum  foil.  Due  to  the  high  kinetic  energy  of 
positrons  (Emax  =  0.54  MeV),  2%  of  them  get  through 
the  thin  samples.  To  prevent  the  annihilation  of 
positrons  in  the  sample  holder,  an  additional  piece  of 
SiC  was  arranged  on  both  sides  of  the  sandwich.  The 
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positron  lifetime  measurements  were  performed  with  a 
conventional  fast-fast  positron  lifetime  spectrometer 
(FWHM  =  260  ps)  in  the  temperature  range  of  1 5-600  K. 
The  illumination  experiment  using  an  optical  cryostat 
was  carried  out  in  the  same  temperature  range.  The 
effect  of  illumination  on  positron  lifetime  was  examined 
using  white  and  monochromatic  light  (/?v  =  0.3-3. 2  eV). 
In  the  range  between  100'C  and  1300~C,  the  samples 
were  annealed  in  a  furnace  under  vacuum  and  up  to 
1700  C  under  ambient  argon  atmosphere  to  avoid  the 
sublimation  of  silicon  from  the  surface.  Doppler  broad¬ 
ening  coincidence  experiments  were  performed  using 
two  Ge-detectors  with  a  resulting  resolution  function  of 
about  1  keV. 


3.  Results  and  discussion 

Fig.  1  shows  the  difference  of  the  average  lifetime  of 
low-dose  electron  irradiated  6H  SiC  (dose:  1  x 
1 01 7 cm  ")  with  monochromatic  light  and  in  darkness 
as  a  function  of  photon  energy.  The  direct  transition  of 
electrons  from  the  valence  band  to  the  conduction  band 
causes  the  disappearance  of  the  illumination  effect  above 
a  photon  energy  of  3eV.  It  is  found  that  the  average 
lifetime  increases  from  0.4  eV  and  tends  to  saturate 
above  1  eV.  This  could  be  explained  as  the  internal 
transition  of  electrons  from  localized  levels  to  the 


Fig.  1 .  Difference  of  average  positron  lifetime  under  illumina¬ 
tion  and  in  darkness  as  a  function  of  photon  energy. 


conduction  band  (fundamental  absorption).  The  lower 
threshold  energy  for  the  appearance  of  the  illumination 
effect  is  associated  with  the  position  of  the  energy  level 
of  defects  in  the  band  gap  acting  as  a  trapping  center  for 
positrons.  According  to  the  Lucowsky  model  [7],  the 
threshold  energy  is  determined  to  be  E  =  0.47  eV  from 
the  fitting  as  shown  in  Fig.  1.  DLTS  studies  showed  that 
the  energy  level  of  E\/E2  is  located  at  0.35-0.44 eV 
below  the  conduction  band  [2,6].  In  the  case  of  an 
indirect  transition  from  the  ground  state  to  the 
conduction  band  [2],  the  small  difference  of  these  two 
energies  allows  us  to  conclude  that  the  observed 
threshold  energy  (0.47  eV)  might  be  related  to  the 
E]/E2  level. 

Fig.  2  shows  the  isochronal  annealing  behavior  of 
average  positron  lifetime  in  darkness  measured  at  20  K. 
From  this  figure,  two  annealing  steps  are  seen:  the  first  is 
from  room  temperature  to  250  C  and  the  second  is 
above  1000' C.  The  first  step  can  be  explained  as  the 
recombination  of  Frenkel  pairs  and  the  annealing  of 
carbon  vacancies,  which  are  mobile  below  300  X. 
Considering  that  pure  silicon  vacancies  are  mobile  at 
600-800X  [5],  the  higher  thermal  stability  of  trapping 
centers  can  be  explained  as  a  creation  of  complexes 
involving  Si  vacancies.  This  could  be  inferred  due  to  the 
nearly  constant  defect-related  lifetime  (190±5ps)  deter¬ 
mined  by  decomposition  of  positron  lifetime  spectra  in 
the  range  of  annealing  temperature  from  400X  to 


Fig.  2.  Average  positron  lifetime  as  a  function  of  annealing 
temperature  for  electron  irradiated  6H  n-type  SiC  (dose: 
1  x  10,7cm  2). 
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1200°C.  Above  1300°C,  all  detectable  vacancy-type 
defects  disappear  [1].  Based  on  theoretical  calculations 
[3]  and  a  positron  lifetime  experiment  combined  with 
electron  spin  resonance  [4],  the  lifetime  of  positrons  at 
silicon  vacancies  is  187-193  ps.  Thus,  it  seems  that  the 
major  positron  trapping  center  is  related  to  silicon 
vacancies.  It  is  important  to  note  that  the  E\/Ei  defects 
observed  in  DLTS  experiments  also  disappear  in  the 
same  temperature  region  [6].  Thus,  we  conclude  that 
the  Ei/Ei  center  is  decorated  with  a  silicon  vacancy.  The 
annealing  behavior  under  illumination  shows  very 
similar  characteristics  [8],  so  that  introduced  vacancy- 
type  defects  due  to  electron  irradiation  are  responsible 
for  the  illumination  effect. 

Fig.  3  presents  the  annealing  characteristics  of  average 
positron  lifetime  for  the  electron  irradiated  6H  n-type 
SiC  with  a  dose  of  3x10’ 7 cm-2  for  two  different 
measurement  temperatures.  For  the  low-temperature 
measurements,  the  annealing  characteristics  show  a  very 
similar  behavior  in  case  of  illumination  and  darkness. 
The  effect  of  illumination  decreases  slightly  due  to  the 
annealing  temperature.  The  annealing  behavior  can  be 
divided  into  four  steps.  The  first  step  is  the  recombina¬ 
tion  of  Frenkel  pairs,  which  drastically  reduces  the 
average  lifetime  below  200°C  annealing  temperature. 
Then,  a  bright  shoulder  follows  up  to  500°C  where 
carbon  vacancies  will  become  mobile  and  anneal  out  [1]. 
The  average  lifetime  increases  near  800°C  due  to  the 


Annealing  temperature  (°C) 


Fig.  3.  Average  positron  lifetime  as  a  function  of  annealing 
temperature  for  electron  irradiated  6H  n-type  SiC  (dose: 
3  x  1017cm-2)  under  illumination  and  in  darkness.  The  picture 
(c)  shows  the  difference  of  average  lifetime  between  darkness 
and  illumination  for  the  measurement  temperature  of  20  K. 


building  of  complexes  with  silicon  vacancies,  and  after 
1200°C  most  of  the  introduced  vacancy-type  defects 
annealed  out.  The  high-temperature  measurements  show 
a  completely  different  annealing  behavior.  No  illumina¬ 
tion  effect  is  to  be  seen  up  to  an  annealing  temperature 
of  600°C.  Above  this  temperature,  the  average  lifetime  is 
higher  under  illumination,  which  was  not  observed  for 
the  low-temperature  measurements.  The  last  picture  in 
Fig.  3(c)  shows  the  difference  of  average  lifetime  under 
illumination  and  in  darkness.  It  shows  that  a  small 
increase  of  average  lifetime  appears  in  the  mobility  range 
of  the  two  kinds  of  vacancies. 

The  decomposition  of  positron  lifetime  spectra  for  the 
annealing  temperature  800°C  is  displayed  in  Fig.  4.  It 
demonstrates  that  for  a  measurement  temperature  of 
300  K,  two  different  types  of  defects  act  as  trapping 
centers  for  positrons.  Under  illumination,  the  defect- 
related  lifetime  has  a  value  of  190+10ps  similar  to 
the  silicon  vacancy  [3].  In  darkness,  an  additional  defect 
(unknown  defect  with  an  ionization  energy, 
F>100meV)  acts  as  a  trap  (12  =  165  + lOps)  in 
competition  with  the  silicon  vacancy.  The  decomposed 
lifetime  is  a  mixture  of  these  two  defects  where  the  value 
of  positron  lifetime  for  the  silicon  vacancy  approaches 
the  high  measurement  temperature.  The  above  men¬ 
tioned  deep  center  must  change  its  charge  state  (negative 
to  neutral)  due  to  the  excitation  of  electrons  from  the 
deep  level  to  the  conduction  band. 


Measurement  temperature  (K) 

Fig.  4.  Positron  lifetime  as  a  function  of  measurement  tem¬ 
perature  for  6H  n-type  SiC  annealed  at  800°C  (irradiation  dose: 
3  x  1 01 7  cm-2). 
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bulk 

Fig.  5.  Doppler  broadening  line-shape  parameters  S  and  IF  of 
the  SllkeV  annihilation  peak  as  a  function  of  annealing 
temperature  (irradiation  dose:  3  x  1  O' 7 cm  2). 

Fig.  5  shows  the  annealing  behavior  for  the  Doppler 
broadening  spectroscopy.  The  JF-parameter  is  sensitive 
for  the  chemical  environment  of  the  trapping  center.  The 
5-parameter  represents  the  open-volume  space  and  the 
concentration  of  open-volume  defects.  The  straight  line 
found  during  annealing  allows  us  to  conclude  that  only 
monovacancies  anneal  out  and  no  additional  vacancy 
type  defect  is  involved  [10].  After  1200X  annealing 
some  defects  remain  which  cannot  be  isolated  mono¬ 
vacancies  [4].  This  indicates  that  silicon  vacancies  and 
complexes  with  silicon  vacancies  are  the  major  trapping 
centers. 


4.  Conclusions 

In  summary,  we  performed  positron  lifetime  measure¬ 
ments  with  n-type  6H  SiC  after  2MeV  electron 


irradiation  for  two  different  doses  in  darkness  and 
under  illumination.  After  the  1300'C  annealing,  va¬ 
cancy-type  defects  and  the  illumination  effect  disappear. 
The  annealing  behavior  in  darkness  shows  very  similar 
behavior  to  the  E\/Ei  centers  observed  by  DLTS 
measurements  [9].  Thus,  we  conclude  that  the  observed 
defect  contains  silicon  vacancies.  The  determined 
threshold  energy  of  0.47  eV  for  the  illumination  effect 
further  supports  this  assumption.  In  the  case  of  high- 
dose  irradiation  more  than  one  optical  active  trapping 
center  was  found  for  the  measurement  temperature 
of  300  K.  To  clarify  the  structure  of  possible  complexes 
with  silicon  vacancies,  further  experiments  are 
necessary. 
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Abstract 

Intrinsic-related  defect  centers  (IRDCs)  in  4H-/6H-SiC  are  generated  by  implantation  of  helium  ions,  protons  or  by 
irradiation  of  high  energy  electrons.  The  formation  and  thermal  stability  of  these  centers  are  studied  by  deep  level 
transient  and  positron  annihilation  spectroscopy  subsequent  to  anneals  at  600-1 800°C.  It  turns  out  that  the  formation 
of  IRDCs  depends  on  the  injected  particle.  Further  we  have  identified  defect  centers  which  show  identical  temperature 
dependence  of  DLTS  defect  concentrations  and  positron  capture  rates.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  4H-SiC;  6H-SiC;  Intrinsic-related  defect  centers;  DLTS;  PAS 


1.  Introduction 

Ion  implantation,  which  is  an  important  tool  to  dope 
silicon  carbide  (SiC)  with  donors  and  acceptors,  not 
only  causes  lattice  damage  but  is  also  accompanied  by 
an  unintentional  local  disturbance  of  the  stoichiometry 
of  SiC.  Based  on  the  different  masses  of  silicon  (Si)  and 
carbon  (C)  atoms,  the  heavier  Si  atoms  accumulate  close 
to  the  surface  while  the  lighter  C  atoms  are  knocked  on 
deeper  into  the  bulk.  This  effect  may,  in  addition, 
enhance  the  formation  of  intrinsic-related  defect  centers 
(IRDCs).  For  a  survey  of  IRDCs  in  ion-implanted  or 
electron-irradiated  SiC,  see  e.g.  Refs.  [1-3]. 

In  this  paper,  we  conduct  a  detailed  study  of  the 
formation  and  annihilation  of  IRDCs  in  helium  (He  +  ), 
proton  (H+)  or  2MeV  electron  (e~)  damaged  and 
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subsequently  annealed  n-type  4H-/6H-SiC.  Deep  level 
transient  spectroscopy  (DLTS)  and  positron  annihila¬ 
tion  spectroscopy  (PAS)  are  applied  to  determine  defect 
concentrations  and  positron  capture  rates,  respectively. 
It  is  the  aim  to  examine  whether  the  formation  of 
IRDCs  differs  for  the  different  generation  processes  and 
whether  part  of  the  observed  defects  are  vacancy- 
related. 


2.  Experimental 

Nitrogen  (N)-doped  epitaxially  grown  SiC  layers  of 
4H  and  6H  polytype,  respectively,  are  used  for  these 
investigations  (CREE,  [Nn  -  iVcomp]  =  5  x  1015cm~3). 
Square-shaped  samples  with  an  area  of  5  mm  x  5  mm  are 
cut  from  the  wafers.  Intrinsic  defect  centers  are  gene¬ 
rated  by  irradiation  of  2MeV  electrons  (e“  current  - 
0.5  mA,  fluence=  1015cm~2)  or  by  implantation  of 
2  MeV  protons  (Gaussian  H +  -profile  with  Rp  =  25  pm 
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(calculated  by  TRIMX),  H4  current  =  30  nA,  flu- 
ence=  101?ctrf  2)  or  helium  ions  (box  profile  generated 
by  multiple  implantation  of  He^  ions  with  energies 
ranging  from  30  to  950  keV,  He  +  -current  =  50  nA,  total 
He  4  fluence  =  8  x  1012cm 2).  The  e' -irradiated  and 
He4 -implanted  samples  are  sequentially  exposed  to 
anneals  at  temperatures,  ra,  ranging  from  600  X  to 
1700X  for  30  min.  They  are  characterized  by  DLTS 
subsequent  to  each  heat  treatment  (similar  processed 
samples  were  investigated  by  PAS,  see  Ref.  [4]).  In 
contrast  each  H 4  -implanted  sample  is  isochronally 
annealed  for  30  min  at  one  fixed  temperature.  Anneals 
up  to  1000 X  are  performed  under  vacuum  in  a  rapid 
isothermal  annealing  (RlA)-system.  Above  1000X  the 
samples  are  put  into  a  SiC  container  and  annealed  under 
1  atm  Ar  pressure  in  a  resistance-heated  graphite 
furnace.  Subsequent  to  heat  treatments  above  900X,  a 
surface  layer  of  lOOnm  is  etched  off  by  reactive  ion 
etching  (RIE).  Schottky  contacts  are  fabricated  by 
evaporation  of  nickel  (Ni)  through  a  shadow  mask 
(contact  diameter  varies  between  0.35  and  1  mm);  large 
area  Ohmic  contacts  (Ni)  are  evaporated  on  the  back¬ 
side  of  the  samples.  Prior  to  each  annealing  step  the 
contacts  are  removed.  DLTS  spectra  are  taken  in  a 
temperature  range  from  90  to  700  K.  The  filling  pulse 
width  is  20  ms  and  the  rate  window  is  chosen  between 
0.25  and  32  ms.  Defect  concentrations  are  determined 
from  the  height  of  the  DLTS  peaks. 


3.  Results  and  discussion 

Although  all  the  observed  DLTS  spectra  show 
identical  features  (IRDC-related  peaks),  the  abundance 
of  defect  centers  and  their  formation  strongly  depend  on 
the  particular  injected  particles.  Fig.  1  shows  DLTS 
spectra  taken  on  an  e  -irradiated  and  annealed 
(Ta  =  900 X.  /;i  =  30  min)  4H-  (solid  curve)  and  6H~ 
SiC  (dotted  curve)  epilayer,  respectively.  The  dominat¬ 


ing  peaks  in  the  spectrum  of  the  4H-SiC  epilayer 
(related  to  the  r-axis  on  the  left)  are  attributed  to 
electron  traps  like  the  ET1-,  ET3-  and  Z\  /Z:(4H)-center 
[5],  The  activation  energies  and  generated  concentra¬ 
tions  of  these  IRDCs  are  summarized  in  Table  1.  Their 
chemical  composition  and  microscopic  structure  are  not 
known.  Similar  electron  traps  are  described  in  Ref.  [2]. 
In  addition,  the  titanium  (Ti)  acceptor  is  observed  at 
about  90  K.  Ti  is  an  omnipresent  contamination  in  SiC 
due  to  graphite  parts.  In  the  case  of  the  6H-SiC 
polytype  (related  to  the  y-axis  on  the  right),  the 
E\/Ei-  and  Zi/Zi(6H)-center  prevail  (for  activation 
energies  and  concentrations,  see  Table  1). 

The  formation  of  the  observed  IRDCs  in  4H-/6H- 
SiC  strongly  depends  on  the  injected  particles.  As  an 
example  the  annealing  behavior  of  Z\  /Z:(4H)-centers  in 
n-type  4H  -SiC  generated  by  He4 -ions,  H  +  -ions  and 
high  energy  electrons,  respectively,  is  displayed  in  Fig.  2. 
The  implantation/irradiation  parameters  are  selected  in 
such  a  way  that  (a)  the  He4  implantation  generates  a 
vacancy  profile  to  a  depth  of  2.2  pm  with  a  mean 


Fig.  1 .  DLTS  spectra  taken  on  an  e  -irradiated  and  annealed 
(7/,  =  900  C,  /a  =  30  min)  4H-  (solid  curve)  and  6H-SiC 
(dotted  curve)  epilayer.  respectively.  The  corresponding  defect 
parameters  arc  summarized  in  Table  1. 


Table  1 

Ionization  energy,  concentration  and  thermal  stability  of  intrinsic-related  defect  centers  generated  by  implantation  of  He*-,  H  ~ -ions 
and  by  irradiation  of  2MeV  electrons  in  4H-/6H  SiC 


Defect 

Ionization 
energy  (mcV) 
for  c^P'/T  2 

Concentration  (cm  3) 

(subsequent  to  anneal 
at  900  C/30  min) 

Thermal 
stabilitv 
(  C) 

4H-  SiC 

ETI 

220/245 

6.1  x  1012 

RT-1300 

ET3 

660/740 

1.9  x  1013 

RT-I300 

Z,/Z2(4H) 

590/650 

2.3  x  1014 

400-1700 

6H-SiC 

Ei/E: 

0.42/0.46 

3.6  x  1013 

RT-1200  (?) 

Z,/Z:(6H) 

660/720 

1.9  x  1013 

RT-  1700 
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annealing  temperature  (°C) 

Fig.  2.  Annealing  behavior  of  Zi/Z2-centers  in  n-type  4H-SiC 
generated  by  implantation  of  He+-  and  H+-ions  or  by 
irradiation  of  2  MeV  electrons.  The  annealing  time  tA  at  fixed 
temperature  is  30  min.  High  Z\  fZ2 -concentrations  are  deter¬ 
mined  by  temperature-dependent  C—  V  measurements. 


concentration  of  2  x  1018cm-3  (calculated  by  TRIM_C), 
(b)  the  H+  ions  accumulate  in  a  depth  of  approx.  25  pm 
and  can,  therefore,  not  directly  affect  the  formation  of 
IRDCs  in  the  investigated  zone  and  (c)  the  2  MeV 
electrons  generate  an  almost  homogeneous  intrinsic 
defect  concentration  through  the  whole  bulk  of  the 
SiC  wafer.  The  temperature  during  ion  implantation/e~ 
irradiation  is  in  each  case  below  50°C;  this  low 
temperature  avoids  annealing  of  lattice  damage  during 
irradiation.  In  He+-  and  H  +  -implanted  samples,  the 
Z|/Z2-center  is  not  observable  directly  after  the 
implantation;  its  formation  requires  an  annealing  step 
at  temperatures  above  600°C.  The  Z|/Z2 -concentration 
increases  with  increasing  annealing  temperature  and 
reaches  a  maximum  value  in  the  temperature  range 
between  1100°C  and  1200°C.  This  observation  is  also 
true  for  heavier  ion  masses  (see  Ref.  [3]).  Irradiation 
with  2  MeV  electrons  generates  the  Z\  /Z2(4H)-center 
without  additional  anneal.  We  suggest  that  the  number 
of  displacements  per  injected  particle  is  much  lower  for 
electrons  than  for  ions.  Therefore,  isolated  intrinsic 
defects  must  be  formed  in  ion-implanted  layers  by 
additional  heat  treatments.  Annihilation  of  the 
Z\  /Z2(4H)-center  occurs  at  temperatures  Ta  >  1200°C 
in  all  three  cases. 

Our  experimental  results  are  in  contrast  with  data 
published  by  Storasta  et  al.  [6],  who  reported  that  the 
maximum  concentration  of  Z\  /Z2(4H)-centers  gener¬ 
ated  by  H  +  -ions  (2.9  MeV)  does  not  show  any  distinct 
change  with  the  annealing  temperature  up  to  1300°C. 

The  concentration  of  ET1,  ET3  and  Z]/Z?(4H)- 
centers  as  well  as  that  of  E\/E2-  and  Zi/Z2(6H)-centers 
in  electron-irradiated  n-type  4H-  and  6H-SiC  samples, 
respectively,  as  a  function  of  the  annealing  temperature 
is  displayed  in  Figs.  3  and  4.  The  annealing  steps  (30  min 
each)  have  been  sequentially  conducted.  Up  to  1000°C 


annealing  temperature  (°C) 

Fig.  3.  Annealing  behavior  of  ET1-,  ET3-  and  Z]/Z2-centers  in 
n-type  4H-SiC  generated  by  irradiation  of  2  MeV  electrons. 
The  annealing  steps  (fa  =  30  min  at  each  applied  temperature) 
have  been  sequentially  conducted. 


annealing  temperature  (°C) 


Fig.  4.  Annealing  behavior  of  E\  fE2-  and  Z\  /Z2-centers  in  n- 
type  6H-SiC  generated  by  irradiation  of  2  MeV  electrons.  The 
annealing  steps  (fa  =  30  min  at  each  applied  temperature)  have 
been  sequentially  conducted. 

the  defect  concentrations  are  not  affected  by  the  heat 
treatments.  For  temperatures  T.d  >  1000°C,  the  concen¬ 
trations  strongly  decrease.  For  Td>  1300°C,  ET1-  and 
ET3-centers  are  no  longer  detectable  with  our  DLTS 
system.  Zi/Z2(4H)-centers  in  the  4H  polytype  and 
E\/E2-  and  Z\  /Z2(6H)-centers  in  the  6H  polytype  show 
qualitatively  a  similar  annealing  behavior.  In  the 
temperature  range  from  1300°C  to  1600°C,  the  concen¬ 
tration  of  these  centers  is  strongly  reduced  (the  DLTS 
signal  of  E\  /i^-centers  is  below  the  detection  limit). 
Subsequent  to  anneals  at  Td  >  1400°C,  these  defect 
concentrations  begin  to  increase  again.  They  are  still 
detectable  at  a  few  10,2cm”3  subsequent  to  a  heat 
treatment  at  1700°C  (for  the  temperature  range  of 
thermal  stability  of  defects,  see  Table  1,  last  column). 
These  results  are  reproducible  and  have  been  repeated 
with  a  series  of  samples.  The  formation  and  dissociation 
of  intrinsic-related  defects  in  this  temperature  range 
appear  to  be  extremely  complex.  Most  of  the  intrinsic- 
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related  defect  complexes  are  dissolved  in  this  tempera¬ 
ture  range  and  serve  as  a  source  for  Si  and  C  interstitials 
and/or  vacancies.  This  increase  in  intrinsic  defects  may 
lead  to  the  observed  slight  recovery  of  Z\/Z2{ 4H), 
E\/Ei-  and  Z|/Z:(6H)-centers. 

PAS  investigations  on  identically  processed  6H-SiC 
samples  (not  shown  here,  see  Ref.  [4])  also  result  in  a 
decrease  of  the  positron  capture  rate  of  the  particular 
defect  centers  at  annealing  temperatures  above  lOOCTC. 
The  clear  temperature  correlation  between  DLTS 
concentrations  and  positron  capture  rates  strongly 
indicates  that  the  centers  under  discussion  (Z \  /Z2(4H)- 
center  in  4H-SiC.  E\/E2-  and  Z,/Z:(6H)  in  6H-SiC) 
are  vacancy-related. 

4.  Summary 

Intrinsic-related  defect  centers  are  generated  in  4H-/ 
6H-SiC  by  implantation  of  He  1  -ions  or  protons  or  by 
irradiation  of  high  energy  electrons.  The  formation  and 
annihilation  of  IRDCs  is  studied  as  a  function  of 
annealing  temperature  in  the  range  from  600  C  to 
1700'C.  The  formation  process  of  IRDCs  depends  on 
the  injected  particle.  Implantation  of  ions  (e.g.  H  *, 
He4)  requires  an  annealing  step  above  600'C  to  form 
IRDCs.  In  the  4H-  and  6H-SiC  polytypes  ET1,  ET3, 
Z\/Z2{AH)  and  E\j £:,Z)/Z:(6H),  respectively,  are  the 
dominating  centers;  they  partially  resist  heat  treatments 
up  to  1700  C.  In  electron-irradiated  samples,  these 
defects  are  already  present  at  maximum  concentration 
without  additional  anneal.  Based  on  the  comparison  of 


DLTS  and  PAS  results  taken  on  identically  processed 
4H-/6H-SiC  samples,  it  is  concluded  that  vacancies 
participate  in  the  investigated  defect  complexes. 
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Abstract 

Theoretical  simulation  of  hyperfine  parameters  for  the  nearest  and  next-nearest  neighbor  atoms  of  Vj  in  SiC  has 
been  performed  for  the  cubic  and  hexagonal  clusters.  The  gradient-corrected  all-electron  DFT  calculations  with  Becke’s 
three-parameter  functional  have  been  performed  by  the  use  of  split  valence  basis  of  Gaussian  functions  with  d- 
functions.  High  performance  of  such  approximations  for  the  calculation  of  the  hyperfine  parameters  of  the  well-known 
vacancy-related  centers  in  SiC  and  Si  has  been  demonstrated.  We  have  found  the  D2(j  local  symmetry  for  the  Vj  in  the 
SiC  cubic  cluster.  In  hexagonal-like  cluster,  the  D2d  symmetry  is  lowered  to  the  Cs  one.  The  symmetry  plane  contains 
the  c-axis  and  one  of  the  transverse  bonds.  Four  Si  atoms  of  the  first  shell  become  essentially  inequivalent  and  have 
different  hyperfine  parameters.  Two  in-plane  Si  atoms  concentrate  the  major  part  of  the  spin  density  and  out-of-plane  Si 
atoms  exhibit  relatively  small  hyperfine  parameters.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71.15.M;  61.72.J;  76.30.M 

Keywords:  Carbon  vacancy;  SiC;  Hyperfine  parameters;  DFT  calculation 


1.  Introduction 

Vacancy-related  defects  in  electron-irradiated  SiC 
polytypes  have  been  the  subject  of  extensive  experi¬ 
mental  investigations  during  the  last  three  decades.  The 
microscopic  models  of  such  defects,  as  a  rule,  are 
deduced  from  hyperfine  parameters  (HFPs)  and  corre¬ 
sponding  relative  intensities  of  the  EPR  lines  originated 
from  the  13C  and  29Si  isotopes  located  in  different  shells. 
The  vacancy-related  centers  exhibit  a  great  variety  of 
properties  depending  on  the  doping  of  the  crystal,  dose 
of  irradiation,  energy  of  a  beam  and  type  of  the 
particles.  However,  the  experimental  data  and  simple 
considerations  are  not  enough  to  advance  the  adequate 
and  unique  microscopic  models.  In  particular,  magnetic 
resonance  experiments  themselves  do  not  permit  the 
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determination  of  a  charge  state  of  the  defect.  As  a 
consequence,  only  a  negatively  charged  isolated  silicon 
vacancy  is  reliably  identified  at  the  present  time.  This 
identification  is  based  on  the  experimental  ENDOR 
determined  value  of  the  spin,  S  —  j,  and  HFPs  for  the 
atoms  of  the  first  and  second  shells  together  with  the 
first-principles  calculation  of  the  HFPs  [1].  Ab  initio 
plane-wave  pseudopotential  calculation  for  the  fully 
relaxed  silicon  and  carbon  vacancies  was  performed  in 
Ref.  [2]  for  various  charge  and  spin  states  using  the 
local-spin-density  approximation.  However,  these  calcu¬ 
lations  gave  no  information  except  the  spin  states  and 
point  symmetry  suitable  for  the  assignment  of  these 
defects.  On  the  other  hand,  the  calculated  HFPs 
generally  are  very  sensitive  to  the  level  of  theory  used 
for  the  computation  and  an  agreement  with  experi¬ 
mental  results  will  suggest  the  quality  of  calculations. 

In  the  last  decade,  several  EPR  spectra  [3-7]  with 
sufficiently  different  HFPs  were  tentatively  assigned  to  the 
positively  charged  carbon  vacancy  Vj  in  the  SiC 
polytypes.  Thus,  for  an  unambiguous  assignment,  one 
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must  perform  a  high-accuracy  simulation  of  the  hyperfine 
interactions  at  least  with  four  silicon  atoms  of  the  first 
shell.  The  present  work  deals  with  the  cluster  DFT 
calculation  of  the  symmetry  and  tensor  of  hyperfine 
interaction  with  atoms  of  the  first  and  second  shells  of  the 
in  purely  cubic  and  hexagonal  lattice  sites  of  the  SiC. 

2.  Computational  method 

It  is  well  known  that  accurate  calculation  of  the  HFPs 
requires  high-level  post-Hartree-Fock  treatment.  Due  to 
the  local  nature  of  the  hyperfine  interaction,  the 
calculated  parameters  are  sensitive  to  the  basis  set  size, 
electron  correlation  and  optimized  geometry.  In  recent 
years,  the  high  performance  of  the  DFT-based  calcula¬ 
tions  of  the  spin  densities  with  gradient-corrected 
functionals  was  shown  for  the  molecular  systems 
containing  atoms  of  the  second  and  third  rows.  The 
most  extensively  employed  is  the  B3LYP  functional, 
which  is  a  combination  of  Becke’s  three-parameter 
hybrid  exchange  functional  with  the  Lee-Yang-Parr 
nonlocal  correlation  functional  [8,9].  To  apply  such  a 
method  of  calculation  we  have  used  the  C|xSi|6H.v>  and 
CjxSi2()H40  clusters  as  the  model  systems  for  a  simula¬ 
tion  of  the  carbon  vacancy  (see  Fig.  1).  The  first  one 
simulates  the  purely  cubic  site  in  3C~SiC  and  the  second 
one— hexagonal  site  (h-site).  To  check  the  validity  of 
such  an  approach  for  the  reproducing  of  observed  HFPs 
of  vacancy-related  centers  we  have  performed  test 
calculations  for  well-known  defects  such  as  the  Vsi  in 
cubic  SiC  (5  =  i  Td  symmetry)  and  the  Vsj  in  silicon 
( S  =  i  D2d  symmetry).  For  this  purpose,  the  SilsC|flH  ^ 
and  SL4H clusters  have  been  used.  For  the  calculations 
of  all  the  above-mentioned  defects  in  cubic  clusters,  the 
all-electron  split  valence  Gaussian  basis  set  6-3 1 1  G(d) 
with  polarization  d-functions  has  been  applied  for  both 
Si  and  C  atoms.  To  save  the  computational  time  we  have 
used  STO-3G  basis  for  the  capped  bond  hydrogen  atoms 
which  w'ere  fixed  during  the  total  energy  minimization. 

The  pseudopotentials  with  corresponding  basis  sets 
(31G  for  C  and  21G(d)  for  Si  atoms  beyond  the  first  and 
second  shells)  have  been  used  for  calculations  with 
hexagonal  cluster  [10,1 1].  For  the  first  and  second  shells, 
the  all-electron  6-31  IG(d)  basis  has  been  used  for  the 
correct  description  of  the  spin  density  distribution  in  the 
actual  region. 

The  isotropic  hyperfine  coupling  constant  r/iso  and 
components  Tj,  of  the  traceless  tensor  of  anisotropic 
hyperfine  interaction  (AHFI)  with  nucleus  N  have  been 
calculated  according  to  the  relations 

<€>'  =  ^&Pyxfc<S;>-'ps(RK),  (1) 

J ps(r)Tij(r-  /?N-)dr,  (2) 


A 

C 

B 

A 


(a) 


•  Si  o  C  o  h 

(b) 

Fig.  I.  Clusters  used  for  a  calculation  of  the  HFPs  of  vacancy- 
related  centers:  a — cubic  C|sSi|flHv,  cluster  and  b — hexagonal 
C|xSi:nH4o  cluster. 


where  r ,,(/•  -  RK)  =  r^(rlsSy  -  3 r*N.,r*Ni/)  and  ps(r)  is 
the  spin  density. 


3.  Results  of  calculations  and  discussion 

The  results  of  our  calculations  of  the  HFPs  for  the 
first  and  second  shells  are  presented  in  Table  1  for 
several  vacancy-related  defects.  In  this  table,  for 
example,  the  notation  Si2(I)  designates  the  second 
symmetry  inequivalent  silicon  atom  of  the  first 
shell  and  so  on.  T\\,  T22  and  7j 3  are  the  principal 
values  of  the  AHFI  tensor  calculated  according  to 
Eq.  (2). 

The  Td  point  symmetry  for  the  in  the  3C~SiC  and 
the  D2d  point  symmetry  for  the  VjTj  in  the  silicon  were 
obtained  in  agreement  with  the  experiment  [1,12].  It  is 
well  known  for  the  negatively  charged  vacancy  in  silicon 
[13]  that  a  strong  dependence  of  the  calculated  point 
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Table  1 

Calculated  hyperfine  parameters  for  the  vacancy-related  centers  in  the  SiC  and  Si  crystalsa 
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Defect 

Atom(number  of  shell) 

^iso 

Tu 

Tn 

f33 

V*  in  3C-SiC 

C(I) 

14.18  (±16.2) 

11.00  (±10.5) 

-5.50  (+5.25) 

-5.50  (+5.25) 

Si(II) 

2.82  (±2.73) 

-0.22  (0.0) 

0.06  (0.0) 

0.16(0.0) 

Vjj  in  silicon 

Si(I) 

-33.96  (±34.5) 

-14.86  (±9.4) 

7.68  (+4.7) 

7.18  (  +  4.7) 

V+  in  3C-SiC 

Si(D 

-40.05 

-15.27 

6.75 

8.52 

cm 

7.87 

2.34 

-1.22 

-1.12 

cm 

-1.03 

0.78 

-0.43 

-0.35 

Vj  in  h-sites  of  SiC 

Si, (I) 

-120.29 

-43.30 

21.77 

21.53 

Si2(I) 

-60.19 

-21.12 

11.50 

9.62 

Si3(u 

4.85 

2.13 

-1.37 

-0.76 

cm 

3.76 

1.25 

-0.71 

-0.54 

C2(II) 

8.34 

3.50 

-1.79 

-1.71 

C3(II) 

1.74 

0.79 

-0.64 

-0.15 

C4(II) 

-0.44 

-0.41 

0.36 

0.05 

C5(II) 

0.32 

0.54 

-0.50 

-0.04 

cm 

10.37 

3.70 

-1.97 

-1.73 

cm 

5.61 

1.73 

-1.24 

-0.49 

aThe  available  experimental  data  are  shown  in  parentheses.  All  values  are  given  in  10  4  cm 


symmetry  and  the  HFPs  on  the  cluster  size  occurs. 
However,  our  calculations  show  that  for  the  positively 
charged  vacancy  in  silicon,  this  is  not  the  case.  One  may 
point  out  the  good  agreement  of  calculated  and 
experimental  values  of  the  HFPs  for  both  defects,  used 
for  the  test  calculations. 

For  the  Vj  in  cubic  SiC,  cluster  calculations  give  D2d 
point  symmetry  in  agreement  with  the  local-spin-density 
pseudopotential  calculations  with  supercell  approach 
[2].  Our  calculations  show  that  in  this  case,  hyperfine 
splittings  are  sufficiently  greater  as  compared  to  those 
ones  for  the  T5  center  [3].  Thus,  the  tentative  assignment 
of  this  center  to  the  V£  must  be  revised.  It  is  interesting 
to  note  that  calculations  with  smaller  Si4Ci2H36  cluster 
give  the  same  point  symmetry  D2d  and  show  small 
deviation  of  the  HFPs  for  the  Si  atoms  of  the  first  shell 
from  those  for  the  larger  cluster.  For  the  in  3C-SiC 
we  have  found  the  more  sufficient  dependence  of  the 
calculated  HFPs  on  the  cluster  size.  Nevertheless,  it  may 
be  deduced  that  the  used  cluster  size  is  a  good 
compromise  between  the  precision  of  calculations  and 
the  CPU  time. 

For  the  Vj  in  hexagonal  cluster,  the  calculated  point 
symmetry  is  Cs.  In  this  case,  the  distance  between  the 
Si  i  (I)  atom  (longitudinal  bond)  and  Si2(I)  (transverse 
bond)  is  elongated  up  to  3.32  A  as  compared  to  3.086  A 
in  a  perfect  lattice.  At  the  same  time,  the  distance 
between  two  other  atoms  of  the  first  shell  is  2.28  A.  As  a 
consequence  of  such  a  reconstruction,  dramatic  changes 


in  the  spatial  distribution  of  the  spin  density  occur  as 
compared  to  the  purely  cubic  sites.  Specifically,  the 
major  part  of  the  spin  density  is  localized  on  the  Si  i  (I) 
and  Si2(I)  atoms  located  in  the  symmetry  plane  (see 
Table  1).  Two  symmetry  equivalent  atoms  labeled  Si3(I) 
and  located  out  of  the  symmetry  plane,  contain 
sufficiently  smaller  part  of  the  spin  density.  Moreover, 
a  sign  of  the  spin  density  on  the  Si3(I)  atoms  is  negative. 
Thus,  for  the  Vj  in  the  h-sites,  one  can  expect  dramatic 
changes  of  the  hyperfine  splittings  originated  from 
atoms  of  the  first  shell  as  compared  to  the  purely  cubic 
sites. 

For  the  Vj  located  in  the  quasicubic  lattice  sites  in  the 
hexagonal  SiC  polytypes,  an  intermediate  behavior  of 
the  spin  density  distribution  is  suggested.  In  this  case, 
one  may  regard  the  quasicubic  lattice  sites  as  slightly 
perturbed  ones  in  3C-SiC.  Fig.  2  represents  the  compar¬ 
ison  of  the  calculated  HFPs  for  the  Si  atoms  of  the  first 
shell  in  cubic  cluster  with  available  experimental  data 
assigned  to  the  V£  defect  with  the  Cs  point  symmetry  in 
quasicubic  sites  of  6H-SiC  [14].  One  may  see  that  for  the 
Six  atom  (longitudinal  bond),  the  isotropic  hyperfine 
interaction  increases,  while  for  the  Si2  atom  (a  transverse 
bond  in  a  symmetry  plane)  it  decreases  as  compared  to 
the  one  for  the  3C-SiC.  At  the  same  time,  the  values  of 
tfjso  for  the  Si3  and  Si4  out-of-plane  symmetry  equivalent 
atoms  remain  practically  unchanged.  It  may  be  assumed 
that  large  relative  (but  not  absolute)  deviation  of 
calculated  principal  values  of  the  AHFI  tensor  from 
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Fig.  2.  Comparison  of  the  HFPs  for  the  first  shell  of  the  V(' 
defect  in  the  purely  cubic  sites  (calculated)  and  quasicubic  site 
in  the  6H-SiC  (experiment). 


experimental  ones  may  be  caused  by  the  used  approx¬ 
imations  as  well  as  by  influence  of  the  specific  crystal 
environment  in  6H-SiC. 

Notice  that  for  all  the  considered  defects  listed  in 
Table  1,  the  sign  of  the  spin  density  on  the  atoms  of  the 
first  shell  is  positive,  with  one  exception  for  the  Sh(I) 
atoms  in  hexagonal  cluster.  The  spin  density  on  the 
atoms  of  the  second  shell  is  also  negative  in  some  cases. 
This  clearly  demonstrates  the  significance  of  the  spin 
polarization  effects  w'hich  are  responsible  for  the 
negative  spin  densities. 
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Abstract 

Experiments  on  proton  irradiation  with  energy  of  150KeV,  8MeV  and  1  GeV  were  made.  Capacitance-voltage 
characteristics  measured  at  650  K  showed  that  8  MeV  and  1  GeV  proton  irradiation  of  6H-SiC  leads  to  an  increase  of 
uncompensated  donor  concentration.  However,  donor  concentration  in  6H-SiC  remains  unaffected  after  150keV 
proton  irradiation.  Deep  centers  were  investigated  by  deep  levels  transient  spectroscopy  (DLTS).  Results  of  C-V 
measurements  are  interpreted  using  DLTS  data.  The  results  obtained  show  the  possibility  of  uzing  proton  irradiation 
for  producing  local  high-resistance  regions  in  SiC  devices  not  intended  for  high-temperature  applications.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SiC;  Proton  irradiation;  DLTS 


1.  Introduction 

There  is  several  reports  on  formation  of  SiC  layers 
semi-insulating  (SI)  at  room  temperature  (RT)  by  means 
of  proton  irradiation  [1-3].  However,  the  parameters 
and  concentrations  of  radiation  defects  (RD)  formed 
during  irradiation  have  not  been  studied.  In  other 
works  [4,5]  RD  parameters  were  studied  but  the 
compensation  appearing  in  the  course  of  irradiation 
was  not  analyzed. 

The  aim  of  this  work  was  to  fabricate  SI  6H-  and  4H- 
SiC  layers  by  proton  irradiation  with  different  energies, 
compare  their  electrical  properties,  and  determine  the 
parameters  of  RDs  responsible  for  the  compensation. 
The  samples  were  studied  with  capacitance-voltage 
( C-V)  characteristics  and  deep  levels  transient  spectro¬ 
scopy  (DLTS)  methods. 


*Corresponding  author.  Tel:  +7-812-247-9930;  fax:  +7- 
812-247-6425. 

E-mail  address:  dd@pop.ioffe.rssi.ru  (D.V.  Davydov). 


2.  Experiment 

Silicon  carbide  p+-n  structures  and  epitaxial  layers 
commercially  produced  by  CREE  Research,  Inc.,  or 
fabricated  at  the  Ioffe  Institute  by  sublimation  epitaxy 
(SE)  [6]  were  used.  The  n-type  layer  thickness  was  about 
5  pm;  that  of  the  p-type  layer:  about  1  pm;  and  substrate 
thickness:  about  400  pm.  The  diameter  of  Schottky 
barriers  or  mesa  structures  of  the  diodes  was  in  the  range 
600-700  pm.  The  concentration  of  uncompensated 
donors  in  the  n-type  layer  (N^—  7Va)  was  (0.8- 
4)  x  1016cm-3,  that  in  the  substrate,  (3-5)  x  1018cm~3, 
and  concentration  of  acceptors  in  the  p-type  layer: 
~5  x  10l8cm-3.  Thus,  the  doping  level  in  the  substrate 
and  p-type  emitter  exceeded  by  no  less  than  two  orders 
of  magnitude  that  in  the  n-type  base  layer. 

A  set  of  6H-  and  4H-SiC  samples  (p-n  structure  and 
Schottky  diodes)  were  step  by  step  irradiated  with 
8  MeV  protons.  Total  irradiation  dose  (D)  was  changed 
from  1  x  1014cm-2  to  2xl016cm-2.  Two  sequential 
1  GeV  proton  irradiations  with  D  of  3  x  1014  and 
9x  1014cm-2  were  made  on  one  6H-SiC  SE  sample 
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with  Schottky  diodes.  The  epilayer  was  nonuniformly 
doped— N^~N-X  varied  from  5x  1014  to  8x  lO^cm  3 
at  the  surface  and  at  7  pm  depth,  respectively.  Further¬ 
more,  three  6H-SiC  SE  samples  having  initial  Na~N-a 
value  of  4xlOl6cm“3  were  irradiated  with  150 keV 
protons  with  doses  of  10n,  1012,  and  10l3cm  2.  All 
irradiations  were  carried  out  at  RT. 

The  C-V  characteristics  were  measured  on  a  bridge 
C-V  setup  on  a  frequency  of  10  kHz.  A  study  of  8  MeV 
irradiated  samples  demonstrated  a  decline  in  the  A \\~N.A 
value  measured  at  RT,  with  A7ti— Na  markedly  increasing 
on  heating  a  structure  to  650  K.  For  6H-SiC  the  NK\-Na 
value  measured  at  650  K  was  even  higher  than  that  in 
the  initial  structures  prior  to  irradiation.  With  increasing 
irradiation  dose,  this  difference  became  more  pro¬ 
nounced  (Figs.  1  and  2).  Irradiation  of  lightly  doped 
samples  with  D  of  10l6cm”2  led  to  formation  of  SI 
layers  with  specific  resistivity  of  about  109Qcm  at  RT. 

Typical  C-V  characteristics  measured  after  150keV 
proton  irradiation  are  shown  on  Fig.  3.  At  high  reverse 
bias  the  characteristic  is  similar  to  initial  one;  but 
irradiation  resulted  in  appearance  of  flat  region  at  low 
bias  voltages  where  the  capacitance  does  not  depend  on 
voltage,  and  its  value  corresponds  to  depleted  region 
width  of  —  1  pm.  We  attribute  this  to  formation  of  a  SI 
layer  due  to  the  irradiation.  The  characteristics  mea¬ 
sured  at  I00K  shift  right  along  the  voltage  axis.  Increase 
of  the  temperature  to  about  500  K  led  to  recovery  of 
initial  C-V  characteristics  of  the  diodes.  The  shape  of 
the  characteristics  were  the  same  for  all  the  samples  (all 
the  irradiation  dose  values). 

First  1  GeV  irradiation  did  not  noticeably  influence 
on  C-V  characteristics.  However,  after  the  second 
irradiation  (£>  =  1.2  x  10b  cm  2)  RT  capacitance  be¬ 
came  independent  on  voltage  (the  epilayer  became  SI). 
C-V  characteristic  measured  at  temperature  of  500  K 
after  second  irradiation  was  linear  (Fig.  4);  it  revealed 


D,  p/cm2 

Fig.  1.  6H-SiC:  Afti-Ar:i  measured  at  T  =  300K  (1)  and 
T  =  650K  (2).  difference  of  them  (3),  and  concentration  of 
the  center  located  at  £tf  -  1.22eV  (4)  vs.  the  irradiation  dose. 


D,  p/cm2 

Fig.  2.  4H-SiC:  A^-Na  measured  at  7=  300K  (1)  and 
T  =  650  K  (2),  difference  of  them  (3).  and  total  concentration 
of  the  centers  RD,  2.  RD3,  and  RD4  (4)  vs.  the  irradiation  dose. 


Fig.  3.  C-V  characteristics  of  n-6H-SiC  epilayer  before  irradia¬ 
tion  (1)  and  after  150kcV  irradiation  with  dose  of  I0l3cm  3 
measured  at  RT  (2).  500  K  (3).  and  100  K  (4). 


U  ,V 


Fig.  4.  C-V  characteristics  of  unirradiated  n-6H-SiC  epilayer 
(I)  and  one  measured  at  temperature  of  500 K  after  1  GeV 
proton  irradiation  (D  -  1.2  x  1015cm  3)  (2). 
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uniform  doping  with  ATd— Na  of  7  x  1015cm"3  which 
exceeds  much  the  initial  one. 

Six  electron  traps  were  found  in  DLTS  spectra  of  n- 
type  6H-SiC  samples  irradiated  with  8MeV  protons. 
Most  of  them  were  observed  in  electron-irradiated 
samples  [7]  or  had  parameters  close  to  intrinsic 
structural  defects.  Two  of  the  observed  centers  (with 
position  in  the  band  gap  Ec  —  0.16  —  0.2  eV  and 
Ec  -  0.5  eV)  were  completely  annealed  out  at  500- 
650  K.  Sample  with  p-n  junction  was  annealed  at 
800  K  what  resulted  in  small  increase  of  the  center 
Ec  —  0.7  eV  concentration. 

DLTS  investigation  of  electron  traps  in  n-type  4H-SiC 
revealed  5  deep  centers.  Most  of  these  were  found  in 
samples  implanted  with  He+  ions  [4]  or  had  parameters 
close  to  those  of  intrinsic  defects.  One  of  the  observed 
centers  (£c-0.18eV)  was  completely  eliminated  by 
annealing  at  500-650  K. 

Tables  1  and  2  list  ionization  energies  of  the  observed 
centers,  their  estimated  electron  capture  cross-sections 
(<7„)  and  concentrations  after  irradiation  with  a  dose  of 
2x  1014cm-2.  For  both  of  the  polytypes  studied,  no 
pronounced  difference  was  observed  between  the  spec¬ 
trum  of  deep  centers  formed  in  CREE  epitaxial  layers 
(CVD)  and  those  grown  by  SE.  The  introduced  RDs 
were  completely  annealed  out  at  ^2100K. 

In  6H-SiC  epilayer  irradiated  with  1  GeV  protons 
with  dose  of  3  x  10 14  cm"2  DLTS  revealed  only  two  deep 


electron  traps:  Ec  -  0.35-0.4 eV  (E1/E2)  and  £’c-1.2eV 
(R-center)  in  concentrations  of  1  x  1013cm-3  and 
5x  1013cm-3,  respectively.  The  R-center  introduction 
rate  was  equal  to  70  cm  1  for  8MeV,  and  0.1 7  cm-1  for 
1  GeV  protons. 


3.  Discussion  and  conclusion 

As  shown  by  the  DLTS  study,  both  8  MeV  and  1  GeV 
proton  irradiation  creates  in  n-type  6H-SiC  a  defect  with 
the  highest  introduction  rate  (Ec  -  1 .22  eV)  with  para¬ 
meters  close  to  those  of  the  known  structural  defect — R 
center  [8].  As  follows  from  the  parameters  of  the  center 
located  at  Ec  -  1.22  eV,  the  recharging  time  (t)  for  this 
center  is  of  about  two  weeks  at  300  K.  Thus,  the  charge 
state  of  this  and  deeper  lying  centers  does  not  change 
during  C-V  measurements  at  RT.  At  the  same  time,  the 
t  value  for  the  center  which  is  the  closest  to  this  level, 
(Ec  -  0.8  eV),  is  3.3  s.  Hence,  the  center  Ec  -  0.8  eV  (and 
all  shallower  centers)  can  be  considered  completely 
ionized  in  C-V  measurements  at  RT. 

In  n-type  4H-SiC,  several  deep  centers  with  ionization 
energy  in  the  range  of  0.96-1.5  eV  are  formed.  The  time 
constant  of  charge  exchange  for  the  RDi2  center  is 
5x  103s  at  RT.  Similarly  to  the  case  of  6H-SiC,  the 
charge  state  of  these  and  deeper  centers  remains 
unchanged  in  the  course  of  RT  C-V  measurements.  At 


Table  1 


Parameters  of  RDs  observed  in  6H-SiC 


Parameters  of  observed  RDs 

Identification 

Ec- Eo  (eV) 

<r„  (cm2) 

Ng  (cm  3) 

Tann  (K) 

Electron  irrad.  [7] 

Intrinsic  defects 

0.16-0.2 

6  x  10-17 

3x  1014 

<650 

L, 

0.36/0.4 

2  x  10”15 

3.3  x  1015 

L3/L4 

E1/E2  [4] 

0.5 

5  x  10-15 

2.2  x  1015 

<650 

u 

0.7 

4  x  10-15 

1.3  x  1015 

l7/l8 

Z1/Z2  [4] 

0.8 

4  x  10-15 

6x  1014 

u 

1.1-1.22 

2  x  10-15 

2x  1016 

Ljo 

R  [8] 

Table  2 

Parameters  of  RDs  observed  in  4H-SiC 

Parameters  of  observed  RDs 

Identification 

Ec—Eq  (EV)  on  (cm2)  Vg  (cm-3) 

Tann  (K) 

Implantation  of  He  +  [4] 

Intrinsic  defects 

0.18 

6x  10"15 

2x  1014 

0.63-0.7 

5x  10"15 

5x  1015 

0.96 

5x  10-15 

6.3  x  101 

1.0 

1  x  10  16 

6.3  x  10' 

1.5 

2  x  10-13 

5  x  1015 

<650  P1/P2 

Z,  Z,  [4] 

RD,,2 

rd3 
rd4 


1.1  eV  [9] 
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the  same  time,  the  time  r  for  the  center,  the  closest  to 
the  mentioned  above  levels,  as  low  as  3.6  x  10  2s  at  RT. 

At  temperature  of  650  K  all  known  electron  traps 
become  ionized.  Thus,  the  difference  between  the 
jVj  Aa  values  measured  at  300  and  650  K  must  be 
equal  to  the  concentration  of  the  center  located  at 
Ec  -  1.22eV  for  6H-SiC  and  sum  of  RD|  2,  RD>  and 
RD4  concentrations  for  4H-SiC,  determined  from  DLTS 
spectra.  As  seen  from  Figs.  1  and  2,  this  equality  agrees 
well  with  experiment. 

Most  pronounced  feature  of  150  keV  proton  irradia¬ 
tion  is  insensitivity  of  the  C-V  characteristics  to  dose  of 
irradiation.  This  fact  together  with  identity  of  the 
C-V  characteristics  measured  at  500  K  after  irradiation 
and  ones  of  unirradiated  samples  means  that  the 
introduction  rate  of  acceptor-like  hole  traps  is  equal  to 
the  one  of  donor-like  electron  traps.  That  is.  150keV 
irradiation  does  not  lead  to  change  of  charge  density  in 
space  charge  region  of  Shottky  diodes  at  RT  and  higher 
temperatures.  At  the  same  time,  at  100  K  relatively 
shallow  RDs  are  characterized  by  high  t  and  remains 
filled  with  electrons  and.  hence,  their  negative  charge 
causes  the  shift  of  C-V  characteristics.  Using  approach 
described  above  (8  MeV  protons)  we  estimated  the  R- 
center  concentration.  We  extrapolate  RT  C-K  charac¬ 
teristic  as  shown  in  Fig.  4  (dashed  curve)  and  obtained 
R-center  concentration  of  7  x  10,5cm  \  Flence,  the  R- 
center  introduction  rate  by  150keV  proton  irradiation  is 
of  about  700  cm  1 . 

In  conclusion.  SI  layers  of  6H  and  4H-SiC 
were  created  by  proton  irradiation  with  energies  of 
1  GeV.  8  MeV,  150keV  and  8  MeV,  respectively.  At 
the  same  time,  it  is  shown  that  1  GeV  and  8  MeV 
irradiation  of  n-6H-SiC  leads  to  increase  of  uncompen¬ 
sated  donor  concentration.  Irradiation  with  energy 
of  150keV  leads  only  to  capturing  of  electrons  by 


RD  levels,  but  not  to  change  in  Nd  -Na  value.  The 
introduction  rate  of  the  deepest  RD  in  n-6H-SiC—R 
center  was  found  to  be  0.1 7,  70,  and  700  cm"1  for  1  GeV, 
8  MeV,  and  150keV  protons,  respectively.  In  4H-SiC  we 
obtained  decrease  of  Nd-Na  value  after  8  MeV  proton 
irradiation. 

The  obtained  results  may  be  applicable  for  creating 
local  high-resistance  SiC  regions  in  technology  of 
devices  not  intended  for  operation  at  high  temperature, 
e.g.,  radiation  detectors. 
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Abstract 

The  migration  of  carbon  interstitials  through  the  4H-SiC  lattice  and  their  recombination  with  vacancies  has  been 
investigated  theoretically  within  the  self-consistent  charge  density  functional  based  tight-binding  (SCC-DFTB)  method. 
For  vacancy-interstitial  pairs  created  by  irradiation,  the  capture  radius  of  silicon  and  carbon  vacancies  has  been 
examined,  showing  that  interstitial  migration  through  the  otherwise  perfect  lattice  starts  getting  important  for  distances 
larger  than  four  nearest-neighbor  atomic  distances.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Ji;  67.80.Mg;  71.15.Mb 

Keywords:  SiC;  Interstitials;  Diffusion;  Vacancies 


1.  Introduction 

Many  defects  in  SiC  have  a  strong  influence  on  the 
electrical  properties  of  the  material.  A  detailed  under¬ 
standing  of  their  structure  and  behavior  due  to  radiation 
or  a  change  in  temperature  is  crucial  to  the  application 
of  SiC  as  material  for  high-power  devices  [1].  In  spite  of 
the  great  amount  of  experimental  as  well  as  theoretical 
work  in  this  field,  many  defects  in  SiC  are  still  not  very 
well  understood — among  these  are  the  most  simple 
defects,  single  silicon  and  carbon  vacancies.  It  is  still  an 
open  question  as  to  what  happens  on  the  microscopic 
scale,  when  the  EPR-signals  of  these  vacancies  vanish 
after  annealing  of  the  crystal  at  certain  temperatures  [2], 
The  assignment  of  the  signal  made  in  Ref.  [2]  to  a  single 
carbon  vacancy  in  3C-SiC  is  still  controversially 
discussed  and  the  signal  might  instead  belong  to  a 
defect  complex  involving  the  carbon  vacancy.  For 
example  in  Ref.  [3],  the  authors  investigated  this 
problem  with  positron  lifetime  spectroscopy,  and  report 
the  vanishing  of  the  carbon  vacancy  in  the  temperature 
range  of  400-650°C.  Nevertheless,  a  migration  process 
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in  the  SiC-lattice  has  to  be  found,  for  which  the 
activation  energy  can  explain  the  extremely  low  tem¬ 
peratures  which  are  in  the  discussion  to  be  the  annealing 
temperature  of  Vc. 

The  first  process  one  may  think  of  is  that  the 
vacancies  themselves  become  mobile  and  migrate  on 
their  sublattices  to  surfaces  or  dislocations.  The  energies 
needed  for  activating  these  processes  were  calculated  to 
be  4.8  eV  for  VSi  and  5.2  eV  for  Vc — much  too  high  to 
explain  the  experimental  results  [2]. 

Another  process  that  could  cause  the  signals  to  vanish 
is  the  formation  of  defect  complexes,  possibly  leading  to 
significantly  different  signals.  The  silicon  vacancy  can  be 
annealed  out  by  one  of  its  carbon  neighbors  migrating 
into  the  vacancy,  thus  forming  a  Csi-Vc  pair  defect, 
which  has  already  been  described  experimentally  and 
theoretically  [4,5].  The  calculated  activation  barrier  of 
1 .7  eV  can  explain  the  750°C  annealing  stage  found  in 
Ref.  [2].  The  analogue  process  for  the  carbon  vacancy, 
though,  is  not  possible,  since  the  Sic-V si  pair  defect  has 
been  calculated  to  be  unstable,  recombining  to  Vc 
without  a  barrier  [4,6].  The  annealing  of  carbon 
vacancies  must  therefore  be  attributed  to  a  more 
complicated  mechanism. 

In  this  work,  we  investigated  several  processes 
involving  silicon  and  carbon  interstitials,  which,  by 
irradiation  of  the  sample,  are  created  in  comparable 
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amounts  to  silicon  and  carbon  vacancies.  The  number  of 
carbon  and  silicon  atoms  that  are  moved  from  their 
lattice  sites  depends  on  the  irradiation  energy.  This 
determines  also  the  average  distances  of  the  created 
interstitial-vacancy  pairs.  As  shown  in  Ref.  [7],  low 
irradiation  energies  (in  the  range  of  100  keV)  lead  to  close 
Frenkel  pairs.  In  samples  irradiated  with  energies  at 
300  keV,  carbon  interstitials  and  carbon  vacancies  are 
spatially  separated,  while  silicon  atoms  due  to  their  higher 
mass  still  form  close  Frenkel  pairs.  Only  when  using  high 
irradiation  energies  in  the  range  of  2  MeV,  the  silicon 
interstitials  and  silicon  vacancies  are  separated  as  well  [7]. 

Flence.  two  different  situations  have  to  be  considered:  If 
being  separated  by  just  a  few  atomic  distances,  vacancy 
and  interstitial  are  not  independent  of  each  other  and  the 
vacancy  might  capture  the  interstitial,  resulting  in  a  strong 
lowering  of  the  total  energy  of  the  whole  structure.  On  the 
contrary,  higher  irradiation  energies  cause  the  pairwise 
created  interstitials  and  vacancies  to  be  much  farther 
separated.  Here,  for  the  recombination  process,  the 
determining  quantity  is  the  activation  barrier  for  the 
migration  of  the  interstitials  through  the  lattice,  before 
reaching  the  capture  radius  of  a  vacancy. 

In  this  paper,  we  focus  on  the  case  of  low  irradiation 
energies,  i.e.  slight  separation  of  vacancy  and  interstitial. 
Here,  the  question  arises  as  to  how  long-ranged  the 
influence  of  the  vacancy  on  the  interstitial  is.  By 
calculating  the  energy  barriers  for  several  structures 
with  a  vacancy  and  a  carbon  interstitial  in  different 
distances,  we  investigated  up  to  which  atomic  distance 
interstitial  recombination  with  the  vacancy  is  the 
dominating  process,  before  migration  from  one  lattice 
site  to  the  next  prevails. 

Our  calculations  with  the  self-consistent  charge 
density  functional  based  tight  binding  (SCC-DFTB) 
method  have  been  performed  in  a  (5  x  6  x  1)  supercell 
of  4H-SiC  containing  240  atoms.  Saddle  point  geome¬ 
tries  and  diffusion  paths  were  obtained  using  a 
constraint  conjugate  gradient  [8]  and  an  uphill  activa¬ 
tion  relaxation  technique  (ART)  [9]  followed  by  steepest 
descent  relaxations  into  both  minima. 


2.  Migration  of  C-interstitials 

Carbon  interstitials  are  stable  as  split  interstitials  on 
both  carbon  and  silicon  sites:  on  the  carbon  site  as 
(CC)c  and  on  the  silicon  site  in  the  form  of  a  mixed  split 
interstitial  (CSi)Sj.  For  neutral  silicon  interstitials  only 
(SiSi)Si  is  a  stable  configuration  in  4H-SiC.  Conse¬ 
quently,  the  migration  of  carbon  interstitials  in  4FI-SiC 
can,  in  contrast  to  the  silicon  interstitials,  take  place  on 
both  silicon  and  carbon  sublattices. 

The  migration  mechanism  from  (CC)c  to  (CSi)si  has 
been  investigated  for  different  charge  states  in  the  3C 
polytype  in  Ref.  [10].  Since  the  local  environment  is  very 


similar  in  the  different  polytypes,  the  results  are  not 
expected  to  vary  significantly  over  the  different  cubic  or 
hexagonal  polytypes.  For  comparison,  we  have  per¬ 
formed  test  calculations  for  several  intrinsic  defects  in 
3C-  and  4H-SiC.  In  3C-SiC.  formation  energies  and 
diffusion  barriers  calculated  within  the  SCC-DFTB 
scheme  differ  from  the  ab  initio  results  in  most  cases 
by  less  than  0.2  eV.  The  differences  between  formation 
energies  of  the  same  defect  in  3C-SiC  and  4H-  or  6H- 
SiC  are  for  simple  defects  like  vacancies  or  antisites,  of 
the  same  order  of  magnitude. 

In  the  case  of  the  neutral  (CSi)Si  split  interstitial, 
however,  we  find  the  formation  energy  to  be  2.2  eV 
higher  than  that  of  (CC)c .  This  clearly  deviates  from  the 
ab  initio  result  of  *0.5  eV  given  in  Ref.  [10].  The  energy 
barrier  between  these  two  configurations  is  found  to  be 
only  0.1  eV  for  the  additional  C-atom  moving  from  the 
Si-  to  the  C-site.  Thus,  the  stability  of  (CSi)Sj  is 
underestimated  in  SCC-DFTB  compared  to  the  ab 
initio  calculations.  An  explanation  for  the  described 
discrepancies  of  these  results  may  be  found  in  the  choice 
of  the  basis.  In  the  SCC-DFTB  calculations  a  minimal 
(sp-)  basis  has  been  used,  which  probably  does  not 
describe  the  overcoordinated  Si-atoms  occurring  in  the 
(CSi)si  structures  correctly.  To  further  investigate  this 
open  question,  calculations  with  an  extended  spd-basis 
arc  currently  under  way.  Hence,  we  limit  the  presenta¬ 
tion  of  our  results  in  this  paper  to  structures,  where  this 
problem  does  not  occur. 

For  a  migration  on  the  C-sublattice  only,  the  split 
carbon  interstitial  has  to  move  from  one  C-site  to 
another,  the  inequivalent  lattice  sites  in  the  hexagonal 
polytypes  of  SiC,  this  migration  mechanism  to  a  second 
nearest  neighbor  site  depends  on  the  crystal  direction. 
The  directions  for  which  the  migration  paths  have  been 
calculated  are  depicted  by  arrows  in  Fig.  1 . 

Furthermore,  the  orientation  of  the  interstitial  has  to 
be  considered.  For  the  interstitial  oriented  as  in  Fig.  I, 
the  distance  from  one  of  the  interstitial  atoms  to  the 
second  nearest  neighbor  is  slightly  shorter  in  the 
direction  of  the  c-axis  than  along  [1  0  I  0]  or  [1  1  2  0]. 
Fig.  2  shows  the  diffusion  paths  for  the  three  different 
crystal  directions.  The  lowest  barrier  (2.9  eV)  is  found 
for  a  migration  along  (0  0  0  1). 

This  energy  barrier  is  rather  high  and  a  migration 
process  consisting  of  several  of  these  steps  can  certainly 
not  explain  an  annealing  process  starting  at  the 
experimentally  observed  temperatures  around  20(TC 
[2].  Thus,  some  other  process  has  to  be  consider¬ 
ed  -possibly  including  a  change  of  the  sublattice.  Such 
processes  are  currently  being  investigated  and  will  be 
published  elsewhere. 

As  already  stated  above,  in  case  of  low  irradiation 
energies  interstitials  and  vacancies  will  not  be  separated 
so  much  that  they  could  be  treated  as  isolated  defects. 
With  decreasing  distance  the  influence  of  the  vacancy  on 
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Fig.  1.  (CC)c  in  a  4H-SiC  lattice.  The  arrows  show  the 
directions  for  which  the  migration  paths  are  shown  in  Fig.  2. 
Solid  arrow:  migration  along  [101  0],  dashed  arrow:  [1  120], 
dash-dotted  arrow:  [0  0  0  1]. 


Fig.  2.  Diffusion  paths  for  the  movement  of  (CC)c  to  the  next 
C-lattice  site  depending  on  the  three  lattice  directions. 


the  interstitial  grows,  and  activation  barriers  for 
recombination  will  decrease.  For  (CC)c  this  has  been 
investigated  up  to  a  fourth  nearest  neighbor  distance 
between  vacancy  and  interstitial  site. 


3.  Recombination  with  vacancies 

The  mechanisms  presented  in  this  section  apply  in  two 
cases:  if  created  by  high  irradiation  energies,  the 
interstitial  may  start  its  migration  process  as  described 
above  on  the  carbon  sublattice.  After  several  of  these 
steps  or  in  case  of  lower  irradiation  energies,  the 


Fig.  3.  Recombination  of  (CC)c  with  (a)  Vsi  and  (b)  Vc  in 
several  different  distances.  In  (a),  the  energy  during  the 
migration  process  of  the  interstitial  into  the  vacancy  starting 
from  a  first  neighbor  (dashed  line)  or  a  third  neighbor  (solid 
line)  position  is  shown.  The  structure  (CC)c  +  VsiINB  is 
metastable  and  recombines  directly  during  relaxation.  In  (b) 
the  same  is  shown  for  the  carbon  vacancy  and  the  interstitial 
starting  from  a  second  (dashed)  and  a  (fourth)  neighbor 
distance,  respectively. 


interstitial  reaches  the  capture  area  of  either  a  silicon 
or  a  carbon  vacancy.  Then  the  height  of  the  migration 
barriers  for  a  direct  recombination  process  compared  to 
the  barriers  for  the  migration  through  the  lattice 
determines  whether  migration  continues  by  jumps  along 
lattice  sites  or  interstitial  and  vacancy  recombine 
directly.  The  calculated  diffusion  curves  are  shown  in 
Fig.  3. 

Approaching  the  first  neighbor  site  of  Vsi,  the  C- 
interstitial  becomes  instable  and  recombines  with  the 
vacancy  without  an  energy  barrier,  see  the  dashed  curve 
in  Fig.  3(a).  The  resulting  structure  is  a  carbon  antisite: 
(CC)c  +  VsiNB  ->  CSi,  which  is  invisible  by  EPR  and 
should,  thus,  explain  the  vanishing  of  the  signals.  For 
(CC)c  at  a  second  neighbor  site  to  a  carbon  vacancy  the 
barriers  are  with  0.5  eV  still  very  low,  see  the  dashed  line 
in  Fig.  3(b).  For  a  third  neighbor  distance  to  Vsi  we 
calculated  a  barrier  of  1 .08  eV  (solid  curve  in  Fig.  3(a)), 
which  is  still  much  lower  than  the  lowest  energy  barrier 
for  a  migration  on  the  C-sublattice  (2.9  eV).  In  a  fourth 
neighbor  distance  to  Vc,  the  barrier  approaches  4  eV 
(solid  curve  in  Fig.  3(b)).  Thus,  starting  from  this 
position,  the  interstitial  is  unlikely  to  choose  this 
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migration  mechanism,  but  instead  moves  to  a  second 
neighbor  C-site  near  the  vacancy,  and  starts  the 
described  recombination  process  from  this  site.  Thus, 
the  lattice  migration  mechanism  determines  the  neces¬ 
sary  activation  energy  of  the  recombination.  The 
influence  of  the  vacancy  on  the  interstitial  is  already 
negligible  for  a  fourth  neighbor  separation.  This  is 
reflected  by  the  formation  energies  of  these  structures,  as 
well.  For  a  fourth  neighbor  distance  of  these  systems  of 
a  vacancy  and  a  C-interstitial  the  limit  for  the  sum  of 
formation  energies  of  an  isolated  vacancy  and  an 
isolated  (CC)c  is  reached. 


4.  Conclusion 

It  has  been  investigated  as  to  how  interstitials, 
especially  the  carbon  split  interstitial  (CC)( ,  can 
contribute  to  the  annealing  of  silicon  and  carbon 
vacancies  in  4H-SiC.  For  migration  on  the  carbon 
sublattice,  diffusion  paths  along  the  three  crystal 
directions  have  been  calculated.  The  lowest  activation 
barrier  has  been  found  for  a  migration  along  the  c-axis 
of  the  crystal.  Furthermore,  the  capture  radius  of 
vacancies  has  been  examined  by  calculating  activation 
barriers  for  a  recombination  with  (CC)r.  We  find  that 


such  a  process  is  favorable  if  (CC)c  has  approached  at 
least  a  third  nearest  neighbor  distance  to  the  vacancy. 
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Abstract 

We  investigated  irradiated  6H-silicon  carbide  (SiC)  and  15R-SiC  with  the  magnetic  circular  dichroism  of  the 
absorption  (MCDA)  and  MCDA-detected  electron  paramagnetic  resonance  (EPR).  In  neutron-  and  electron-irradiated 
6H-SiC,  we  observed  two  MCDA  transitions  at  photon  energies  of  1.435  and  1.369eV.  Photoluminescence  (PL)  lines  at 
these  photon  energies  (the  so-called  VI  and  V3  lines)  are  presently  assigned  to  the  neutral  silicon  vacancy  at  the  two 
quasicubic  lattice  sites  in  6H-SiC.  In  electron-irradiated  15R-SiC,  which  has  three  inequivalent  quasicubic  lattice  sites, 
we  observed  three  MCDA  lines  at  1442,  1438  and  1373  meV,  respectively.  At  the  photon  energy  expected  for  the 
hexagonal  site  in  6H-SiC  (the  so-called  V2  PL  line),  no  MCDA  signal  was  observed.  From  the  temperature  and 
field  dependence  of  the  MCDA,  a  spin  S  =  \  of  the  quasicubic  sites  was  determined.  EPR  spectra  detected  via  these 
MCDA  lines  consist  of  single  EPR  lines  at  g~=  2.005(2).  We  conclude  that  the  ground  state  of  VSi  giving  rise  to  these 
optical  transitions  is  paramagnetic  with  S  =  which  is  predicted  theoretically  for  the  ground  state  of  the  triply  negative 
charge  state.  The  previous  assignment  of  the  optical  transitions  to  the  neutral  charge  state  must,  therefore,  be  corrected. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Radiation-induced  point  defects  in  silicon  carbide 
(SiC)  have  been  studied  for  many  years.  But  not  even 
one  of  the  most  basic  defects,  the  isolated  silicon 
vacancy,  is  yet  fully  understood. 

Photoluminescence  (PL)  spectra  with  zero  phonon 
lines  (ZPL)  between  1.3  and  1.5  eV  (the  so-called  VI,  V2 
and  V3  lines)  are  frequently  observed  in  irradiated 
4H-SiC  and  6H-SiC  [1].  The  number  of  ZPLs  corre¬ 
sponds  to  the  number  of  inequivalent  lattice  sites  (two 
quasicubic  and  one  hexagonal  in  6H-SiC,  and  one 
quasicubic  and  one  hexagonal  in  4H-SiC).  The  intensity 
of  the  spectra  is  reduced  after  annealing  above  750°C  [1]. 
Sorman  et  al.  detected  several  spin-triplet  systems  via  the 
ZPLs  with  optically  detected  magnetic  resonance 
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(ODMR)  [1].  It  was  suggested  that  the  ZPLs  originate 
from  the  silicon  vacancy  in  the  neutral  charge  state. 
Later,  Wagner  et  al.  performed  Zeeman  experiments  on 
these  ZPLs  [2].  No  splitting  of  the  lines  in  a  magnetic 
field  was  observed,  thus,  it  was  concluded  that  the 
ground  state  and  the  excited  states  of  the  PL  transitions 
in  question  were  singlets  and  that  the  ODMR  signals  of 
the  triplet  systems  had  been  detected  indirectly  via  a 
shunt  process  [2,3]. 

To  obtain  information  on  the  ground  state  of  these 
optical  transitions,  we  investigated  irradiated  6H-SiC  and 
15R-SiC  with  the  magnetic  circular  dichroism  of  the 
absorption  (MCDA)  and  MCDA-detected  electron  para¬ 
magnetic  resonance  (MCDA- EPR).  The  MCDA  techni¬ 
que  is  especially  suited  to  investigate  the  ground  state  of 
an  optical  transition,  because  the  MCDA  signal  of  a 
paramagnetic  center  is  proportional  to  the  spin  polariza¬ 
tion  of  the  ground  state  [3].  Saturation  of  the  EPR 
transitions  between  the  Zeeman  levels  of  the  ground  state 
reduces  the  spin  polarization  and  can  be  detected  as  a 
decrease  in  the  MCDA  signal  (MCDA-EPR). 
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2.  Experimental  results 

The  MCDA  spectrum  of  neutron-  or  electron- 
irradiated  6H-SiC  (Fig.  la)  consists  of  two  ZPLs  at 
photon  energies  close  to  the  energies  of  the  VI  and  V3 
luminescence  lines  (Table  I).  Such  MCDA  spectra  were 
observed  in  n-type  electron-irradiated,  unannealed  6H- 
SiC  as  well  as  in  neutron-irradiated  and  afterwards 
annealed  (Tann  =  600’C)  n-type  6H-SiC.  The  MCDA 
lines  disappeared  after  a  1000CC  anneal.  A  similar 
MCDA-spectrum.  but  with  three  zero-phonon  lines 
instead  of  two,  was  measured  in  electron-irradiated, 
unannealed  n-type  15R-SiC  (Fig.  lb).  The  intensities  of 
the  MCDA  lines  are  field  and  temperature  dependent 
and  originate,  therefore,  from  a  paramagnetic  ground 
state. 

MCDA-EPR  signals  as  in  Fig.  2  were  detected  in  all 
MCDA  lines.  The  two  6H-SiC  MCDA-EPR  spectra 
consist  of  a  single  line  at  g  =  2.005(1).  No  anisotropy, 
fine  structure,  or  hyperfine  structure  was  resolved. 
However,  the  line  is  wide  enough  to  contain  a  hyperfine 
structure  as  reported  in  Ref.  [1].  MCDA-EPR 


photon  energy  [meV] 

Fig.  I.  MCDA  spectrum  of  (a)  neutron-irradiated  6H  SiC  and 
(b)  electron-irradiated  15R  SiC.  measured  with  the  magnetic 
field  (5  =  2T)  being  parallel  to  the  c-axis  of  the  crystal  at 
T  —  1.5  K  The  arrow  indicates  the  position  of  the  V2 
luminescence  ZPL  for  the  hexagonal  site  in  6H-  SiC  as  given 
in  Ref.  [1]. 


spectra  with  a  single  line  at  g  ~  2.005(2)  were  also 
measured  in  15R-SiC  in  the  k,,  k:  and  k3  (quasicubic) 
MCDA  lines.  The  spin  S  of  the  ground  state  can  be 
determined  from  the  temperature  and  field  dependence 
of  the  MCDA  intensity,  using  the  Brillouin  function  [3]. 
We  obtain  S  —  5. 


3.  Discussion 

In  6H-SiC,  there  are  two  and  in  15R-SiC,  there  are 
three  inequivalent  quasicubic  sites.  We,  therefore, 
tentatively  attribute  the  three  MCDA  lines  observed  in 
15R~SiC  to  the  silicon  vacancy  at  the  three  quasicubic 
sites. 

The  MCDA-EPR  spectra  measured  in  the  VI  and  V3 
MCDA  lines  of  6H-SiC  are  not  the  spin  triplet  spectra 
reported  in  Ref.  [1],  which  would  be  split  by  2mT. 
Assuming  that  according  to  Ref.  [1],  the  luminescence 
ZPL  assignment  to  the  silicon  vacancy  at  the  different 
sites  is  correct,  the  ground  state  of  the  optical  transitions 
of  the  quasicubic  sites  is  indeed  paramagnetic  in  contrast 
to  Ref.  [2],  but  its  EPR  spectrum  is  not  the  triplet 
spectrum  reported  in  Ref.  [1]. 


Fig.  2.  MCDA-EPR-spectrum  measured  on  the  1369meV 
MCDA  line  of  neutron-irradiated  6H-SiC  at  T  =  1.5  K.  The 
microwave  frequency  was  24.05  GHz.  The  magnetic  field 
direction  was  parallel  to  the  c-axis  of  the  crystal. 


Table  1 

Zero  phonon  lines  of  the  silicon  vacancy  in  different  polytypes  of  SiC 
Site  (label)  Photon  energy  (meV) 


15R  SiC  MCDA  6H-SiC  MCDA  6H  -SiC  PL  [2]  4H-SiC  PL  [2] 


h|(V2) 

— 

— 

1398 

1352 

k](Vl) 

1438  ±1 

1 435  ±  1 

1433 

1438 

MV3) 

1 373  ±  1 

1369+1 

1368 

h 

1442  ±  1 
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A  spin  S  =  j  ground  state  is  possible  for  the  silicon 
vacancy  in  the  charge  states  + 1  and  -3  [4].  As  the 
luminescence  lines  are  always  observed  in  n-type 
material  [1,2]  together  with  the  EPR  signal  of  the 
nitrogen  donor  [1],  the  charge  state  +  1  is  unlikely. 

In  tetrahedral  symmetry,  the  silicon  vacancy  in  SiC 
has  an  &\  level  and  a  higher  lying  t2  level  in  the  band 
gap  [6].  The  charge  state  — 3(aft|)  has  allowed  optical 
transitions  in  the  1.4eV  range,  as  one  electron  from 
the  a]  level  state  can  be  optically  excited  into  the  t2 
level  [6]. 

The  absence  of  an  MCDA  signal  at  the  position  of  the 
V2  line  (which  is  assigned  to  the  hexagonal  sites  [1])  in 
our  samples  can  be  explained  by  the  silicon  vacancies  at 
the  hexagonal  sites  being  in  the  diamagnetic  charge  state 
— 4(a^2),  while  the  vacancies  at  the  quasicubic  sites  are 
at  the  same  time  in  the  charge  state  -3.  This 
would  mean  that  the  charge  transfer  level  — 3/ — 4 
of  the  quasicubic  sites  is  above  the  charge  transfer  level 
-3/ -4  of  the  hexagonal  sites,  and  the  Fermi  level  is  in 
between  these  charge  transfer  levels.  Such  differences  in 
charge  transfer  levels  between  the  sites  have  been 
predicted  theoretically  [4,5]. 

In  summary,  we  have  to  conclude  that  if  the  assign¬ 
ment  of  the  VI,  V2  and  V3  PL  lines  to  the  silicon 
vacancy  at  the  different  sites  according  to  Ref.  [1]  is 
correct,  then  the  charge  state  giving  rise  to  the  VI  and 


V3  luminescence  lines  of  Table  1  is  not  zero  but  —3  with 
S  =  5.  The  previous  assignment  of  the  luminescence 
ZPLs  to  the  neutral  charge  state  of  the  silicon  vacancy 
[1]  must,  therefore,  be  corrected. 
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Abstract 

Co-implantation  of  A1  (2  x  10,s/cm3)  and  C  (1  x  10IS/cm3),  Al/C,  into  6H-SiC  and  subsequent  annealing  up  to 
1650  C  were  performed.  Vacancy-type  defects  in  the  implanted  layers  were  studied  by  positron  annihilation 
spectroscopy.  The  mean  size  of  vacancy-type  defects  produced  by  Al/C-implantation  is  found  to  be  close  to  the  size  of 
divacancy.  The  mean  size  of  vacancy-type  defects  is  hardly  changed  by  annealing  below  600  C.  and  vacancy  clustering 
occurs  in  an  annealing  temperature  range  between  600  C  and  1000  C.  At  annealing  temperatures  between  I000  C  and 
1400  C,  the  mean  size  of  vacancy-type  defects  decreases,  and  the  major  vacancy  defects  are  annealed  out  above  1400  'C. 
No  significant  difference  is  observed  in  the  annealing  behavior  of  vacancy-type  defects  between  samples  implanted  with 
Al/C  and  only  Al.  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Silicon  carbide  (SiC)  is  regarded  as  a  promising 
candidate  for  high-power  and  high-frequency  devices 
owing  to  its  excellent  thermal  and  electrical  properties 
[1.2].  In  addition,  since  SiC  has  a  strong  radiation 
resistance  [3,4],  it  is  expected  to  be  applied  to  electric 
devices  used  in  radiation  fields.  For  the  fabrication  of 
SiC  devices,  one  of  the  key  issues  is  the  development  of  a 
selective  impurity-doping  technique.  Donor  or  acceptor 
impurities  have  very  low  diffusion  coefficients  in  SiC, 
and  thus,  thermal  diffusion  methods  are  not  applicable 
for  impurity  doping  into  SiC.  Therefore,  ion  implanta¬ 
tion  is  considered  as  the  most  suitable  technique.  Since 
residual  defects  in  implanted  SiC  layers  act  as  carrier 
traps  and/or  scattering  centers  [5],  understanding  of 
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their  annealing  behavior  is  quite  important.  In  previous 
studies  [6,7],  it  was  reported  that  the  electrical  activation 
of  acceptors  such  as  aluminum  (Al)  and  boron  in  SiC 
was  enhanced  by  co-implantation  of  carbon  (C)  ions. 
However,  defects  in  co-implanted  layers  and  their 
annealing  behavior  have  not  yet  been  clarified.  In  this 
study,  we  have  investigated  vacancy-type  defects  in  6H- 
SiC  co-implanted  with  Al  and  C  (Al/C)  ions  by  positron 
annihilation  spectroscopy  (PAS)  using  monoenergetic 
positron  beams. 


2.  Experiments 

The  samples  used  in  this  study  were  5  pm  thick  n-type 
6H -SiC  epitaxial  films  grown  on  6H-SiC  substrates  (3.5 : 
off,  Si-face).  The  net  donor  concentration  of  the 
epitaxial  layer  was  5  x  10lr>^l  x  10lf7cnv\  Five-fold 
implantation  of  Al  (20,  50,  110,  200  and  340  keV)  was 
carried  out  at  room  temperature  (RT)  to  form  a  box 
profile  (depth:  0.5  pm)  with  a  mean  Al  concentration  of 
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2  x  1018/cm3.  A  box  profile  of  C  atoms  (1  x  10l8/cm3, 
0.5  pm  thick)  was  also  formed  by  five-fold  C-implanta- 
tion  (20,  60,  120,  190  and  270  keV)  at  RT  or  800°C.  The 
samples  were  annealed  for  30  min  up  to  1650°C  in  argon 
(Ar)  atmosphere  after  implantation.  The  hole  concen¬ 
tration  in  Al-implanted  layers  was  determined  from  the 
Hall  measurements  at  RT. 

PAS  was  carried  out  at  the  University  of  Tsukuba  [8]. 
Doppler  broadening  profiles  of  annihilation  y-rays  as  a 
function  of  incident  positron  energy,  E ,  were  obtained 
by  using  monoenergetic  positron  beams.  A  spectrum  of 
annihilation  y-rays  (total  counts  of  5  x  105)  was 
obtained  using  a  Ge  detector  for  each  positron  energy. 
The  relationship  between  the  S  parameter  (the  ratio  of 
the  counts  in  511  ±0.75 keV  to  the  total  counts)  and  E 
(S-E  curve)  was  analyzed  with  a  computer  code 
VEPFIT  [9],  which  can  solve  a  one-dimensional  diffu¬ 
sion  equation  for  positrons.  The  region  sampled  by 
positrons  in  ion-implanted  6H-SiC  was  divided  into  two 
or  three  blocks.  From  the  calculations  using  the 
diffusion  equation,  the  fractions  of  positrons  annihilated 
at  the  surface,  FS(E ),  and  those  in  the  /th  block,  Ft(E), 
(FS(E)  +  ZFi(E)  =  1),  were  determined.  The  observed 
S-E  curves  were  fitted  to  the  following  expression: 

S(E)  =  SsFs(E)  +  Y)  SNE),  (1) 

where  5S  and  Sj  are  the  characteristic  values  of  the  S 
parameter  for  positrons  annihilated  at  the  surface  and 
the  rth  block,  respectively.  The  position  of  the  boundary 
for  each  block  and  the  diffusion  length  of  positrons  in 
each  block  were  also  determined  by  fitting.  Details  of  the 
PAS  measurements  and  analysis  procedures  have  been 
reported  in  Ref.  [8]. 


3.  Results  and  discussion 

Fig.  1  shows  the  depth  profiles  of  S  obtained  for  the 
6H-SiC  sample  implanted  with  Al/C  at  RT  and  those 
subsequently  annealed  at  1000°C  and  1300°C.  For 
reference,  the  depth  profile  of  Al  atoms  after  implanta¬ 
tion  is  also  indicated.  The  S  values  are  normalized  by  the 
5b  obtained  for  unimplanted  6H-SiC  (i S/S b).  The  S 
values  in  shallow  and  deep  damaged  regions  are  referred 
to  as  5shaiiow  and  5decP,  respectively.  The  positions  of 
their  boundaries  are  depicted  as  “the  interface  between 
the  shallow  and  the  deep  blocks  (Ds/d)”  and  “the 
interface  between  the  deep  block  and  the  defect-free 
region  (Z>d/ f)’\  For  the  as-implanted  sample,  Shallow  and 
Sdcep  are  obtained  to  be  1.075  and  1.065,  respectively. 
This  indicates  that  the  open  volume  of  vacancies  in  the 
shallow  block,  whose  thickness  is  almost  the  same  as  the 
Al  box  profile,  is  larger  than  that  in  the  deep  block. 
Brauer  et  al.  [10]  reported  that  the  normalized  S  value 
for  divacancies,  Ksi  Vc ,  consisting  of  a  silicon  vacancy, 
ksi,  and  a  carbon  vacancy,  Vc,  in  6H-SiC  was  1.05.  The 
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Fig.  1.  Depth  profile  of  S  parameters  obtained  for  6H-SiC 
implanted  with  Al/C  at  RT  and  those  subsequently  annealed  at 
1000°C  and  1300°C.  The  depth  profile  of  Al  atoms  after 
implantation,  which  is  determined  from  secondary  ion  mass 
spectroscopy,  is  also  shown  in  the  figure.  The  S  values  are 
normalized  by  the  5b  obtained  for  the  unimplanted  one  (5/5b). 

normalized  5,  which  depends  on  the  mean  size  of 
vacancy-type  defects,  was  also  reported  to  be  1.105  for 
2-Fsi  Vc  or  3-Ksi  Vc  [10,1 1].  Taking  into  account  the  fact 
that  several  species  of  vacancy-type  defects  coexist  in 
ion-implanted  layers,  we  can  say  that  the  mean  size  of 
the  residual  vacancy-type  defects  in  6H-SiC  implanted 
with  Al/C  at  RT  is  close  to  the  size  of  Vs\Vc-  After 
annealing  at  1000°C,  5shaiiow  remarkably  increases  to  be 
1.115  whereas  such  a  drastic  increase  is  not  observed  in 
5deep.  This  result  indicates  that  large  vacancy  clusters  are 
formed  in  the  shallow  block  and  that  clustering  of 
vacancies  is  suppressed  in  the  deep  block.  No  significant 
change  of  Ds/d  and  a  large  shift  of  Dd/f  toward  the 
surface  suggest  that  damages  are  not  annealed  in  the 
shallow  region  but  recover  in  the  deep  region  at  1000°C. 
A  similar  annealing  behavior  was  reported  in  6H-SiC 
implanted  with  phosphorus,  P  [11,12].  For  the  sample 
annealed  at  1300°C,  the  S-E  curve  can  be  fitted  using 
two  blocks.  A  decrease  of  5shaiiow  and  a  further  shift  of 
Dd/ r  toward  the  surface  are  observed.  This  result 
indicates  that  the  mean  size  of  vacancy-type  defects 
decreases  and  further  recovery  of  the  damaged  layer 
takes  place  on  annealing  at  1300°C. 

Figs.  2  (a)  and  (b)  show  the  annealing  temperature 
dependence  of  S  parameters  and  the  position  of  the 
interface,  respectively,  for  the  samples  implanted  with  Al 
and  Al/C.  No  significant  difference  in  the  changes  of  S 
parameters  and  interface  positions  due  to  annealing  is 
observed  among  all  samples.  Both  Shallow  an^  ^decp  are 
hardly  changed  by  annealing  up  to  600°C.  No  signifiant 
change  of  Ds/d  and  Dd/f  are  observed  below  600°C. 
Those  results  show  that  vacancy-type  defects  hardly 
migrate  in  this  annealing  temperature  range.  Between 
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Fig.  2.  (a)  Annealing  temperature  dependence  of  Ssh;illott  and  Stk.q>  obtained  in  6H-SiC  implanted  with  Al /C  and  Al  ions.  Al- 
implantation  into  all  samples  was  carried  out  at  RT.  Squares,  circles  and  triangles  represent  the  results  obtained  in  samples  implanted 
with  only  Al.  Al/C  at  RT,  and  Al/C  at  800  C,  respectively.  Closed  and  open  symbols  represent  Ssh;i „ott  and  Sdccp,  respectively.  The  5 
values  are  normalized  by  the  Sb  obtained  in  the  unimplantcd  sample  (S/Sh).  (b)  Annealing  temperature  dependence  of  Ds  d  and  Dd  f 
obtained  in  6H  SiC  implanted  with  Al/C  and  Al  ions.  Closed  and  open  symbols  represent  Ds  d  and  Dd  r,  respectively. 


600  C  and  1000  C,  5Sh;iticm-  remarkably  increases  with 
annealing  temperature,  though  an  increase  of  Sllccp  is  not 
so  large  for  all  samples.  In  this  temperature  range,  no 
significant  shift  of  Ds  d  is  observed  in  contrast  to  the 
shift  of  /VT.  Those  results  suggest  that  clustering  of 
vacancies  occurs  via  the  partial  migration  of  vacancies 
from  a  deep  region.  The  Shallow  and  Sdccp  for  all  samples 
decrease  with  raising  annealing  temperature  above 
1000  C.  A  considerable  shift  of  toward  the  surface 
is  observed  in  this  range.  After  annealing  at  MOOT,  the 
S—E  curves  for  all  implanted  samples  are  comparable  to 
that  for  unimplanted  sample,  indicating  that  the 
concentration  of  vacancy-type  defects  are  reduced  below 
the  detection  limit  of  PAS  by  annealing  at  1400  C.  The 
results  obtained  above  1000  C  are  explained  by  anneal¬ 
ing  of  damaged  layers  at  such  high  temperatures.  Similar 
observations  were  reported  in  P-implanted  6H-SiC 
[11,12].  The  results  of  Hall  measurements  indicated  the 
enhancement  of  the  electrical  activation  of  Al  acceptors 
due  to  co-implantation,  which  is  shown  in  Table  1. 
Taking  into  account  the  fact  that  the  removal  of 
vacancy-type  defects  by  annealing  at  MOOT  is  observed 
in  all  samples,  the  enhancement  of  the  Al  acceptor 
activation  due  to  the  co-implantation  is  not  attributable 
to  remaining  defects  which  act  as  carrier  traps.  This 
supports  the  site  competition  model  [6],  i.e.,  the 
improvement  of  the  electrical  activation  of  Al  is  due  to 
an  increase  of  the  number  of  Al  atoms  residing  at  Si 
sublattice  sites,  which  act  as  shallow  acceptors.  How¬ 
ever.  the  mechanism  of  the  further  improvement  of  the 
electrical  activation  of  Al  by  co-implantation  of  C  at 
elevated  temperature  is  still  unclear.  To  clarify  this 
point,  further  investigations  are  necessary. 


Tabic  1 

Hole  concentration  (RT)  in  samples  implanted  with  Al  and  Al/ 
C.  The  samples  were  subsequently  annealed  at  1650  C  in  Ar 


Ion  species/ 

substrate 

temperature 

Ion  species/ 

substrate 

temperature 

Hole  concentration 
(/cm3) 

Al/RT 

3  x  10,ft 

Al/RT 

C/RT 

4  x  I0lr> 

Al/RT 

C/800T 

8  x  10,f’ 

4.  Summary 

Co-ini  plantation  of  Al  (2  x  10ls/cm3)  and  C  (1  x  10 '*/ 
cm  )  into  6H-SiC  and  subsequent  annealing  up  to 
1650  C  were  carried  out.  Vacancy-type  defects  in 
implanted  layers  were  studied  by  PAS  using  monoener- 
getic  positron  beams.  The  mean  size  of  vacancy-type 
defects  in  the  sample  implanted  with  Al/C  or  only  Al  is 
found  to  be  close  to  the  size  of  FSi  vc-  No  significant 
difference  in  the  annealing  behavior  of  vacancy-type 
defects  is  observed  between  Al/C-  and  only  Al- 
implanted  samples.  The  mean  size  and  depth  profile  of 
vacancy-type  defects  do  not  change  significantly  by 
annealing  up  to  600  C.  Clustering  of  vacancies  takes 
place  by  annealing  between  600  C  and  1000  C.  Va¬ 
cancy-type  defects  are  annealed  at  temperatures  above 
1000  C  and  most  of  them  are  annealed  out  at  MOOT. 
Concerning  the  electrical  properties  of  implanted  layers, 
the  electrical  activation  of  Al  acceptors  is  enhanced 
by  co-implantation  of  C.  The  enhancement  can  be 
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explained  by  the  site  competition  model,  which  has  no 
discrepancy  with  the  results  obtained  for  defects 
remaining  in  SiC  implanted  with  Al/C  and  AL 
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Abstract 

In  photo  luminescence  experiments,  the  Du  center  shows  strong  carbon— like  vibrational  modes  above  the  highest 
bulk  phonon  mode.  We  have  performed  ab  initio  DFT  calculations  of  the  localized  vibrational  modes  (LVM)  of  defects 
in  SiC  possessing  carbon-carbon  bonds.  Among  these  defects,  only  the  carbon  split  interstitial-antisite  complex  is 
found  to  exhibit  a  LVM  spectrum  compatible  with  that  of  the  Dn  center.  The  formation  energy  of  this  complex 
compares  to  the  formation  energy  of  the  most  abundant  interstitial  defects,  namely  the  carbon  split  interstitial  and  the 
carbon-silicon  split  interstitial.  We  find  a  high  binding  energy  of  3.6eV  and  above,  (n  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  61.72.Ji;  63.20.Mt:  6L72.Cc 

Keywords:  Silicon  carbide:  Point  defects:  Dn  center:  LVM 


1.  Introduction 

For  decades  the  D,  and  D,,  centers  in  SiC  have  been 
subject  to  thorough  investigation.  Though  generated  via 
ion  implantation  and  subsequent  annealing,  both  centers 
do  not  depend  on  the  particular  dopant  and  polytype 
and  are  stable  at  temperatures  up  to  1 700'C  and  1 300~C, 
respectively.  These  properties  indicate  that  the  centers 
are  intrinsic  defects.  While  the  microscopic  structure  of 
the  D,  center  still  remains  unclear,  a  di-interstitial 
configuration  has  been  proposed  for  the  D,,  center  by 
Patrick  and  Choyke  [1,2].  This  suggestion  is  based  on 
photo  luminescence  experiments  that  exhibit  five  loca¬ 
lized  vibrational  modes  (LVM)  above  the  highest  SiC 
bulk  phonon  spectrum  and  two  additional  modes  within 
the  phonon  band  gap.  The  LVM-frequencies  reach  up  to 
40THz,  which  is  the  same  value  as  the  highest  phonon 
mode  in  diamond.  For  this  reason,  short  carbon  bonds 
have  been  suggested  as  the  origin  of  these  LVMs. 
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2.  Ab  initio  calculation  of  LVMs  and  defect  formation 
energy 

We  have  analyzed  the  phonon  frequencies  of  several 
possible  candidates  for  the  Dn  center  by  employing 
density  functional  theory  within  the  local  density 
approximation  and  using  norm-conserving  pseudo¬ 
potentials.  The  full  dynamic  matrix  of  the  supercells 
with  64  atoms  (3C-SiC)  and  128  atoms  (4H-SiC)  has 
been  calculated  and  diagonalized.  This  matrix  is  de¬ 
fined  as 

p  _  1  62E  _  1  dFj 

y/mjny  dQfiQj  dQf 

With  small  displacements  we  numerically  calculate  the 
derivative  dFi/dQ,.  However,  we  have  found  sizable 
anharmonic  effects.  To  obtain  proper  harmonic  force 
constants,  we  have  considered  three  different  displace¬ 
ments  for  each  atom  and  extracted  the  linear  factor  in  a 
polynomial  expansion  of  the  forces.  The  forces  have 
been  calculated  with  software  package  FHI96SPIN  [3]. 
A  cut-off  energy  of  30  Ry  and  a  special  k-point-set  to 
sample  the  Brillouin  zone  have  been  employed  (except 
when  the  Jahn-Teller  effect  comes  into  play,  then  the  T- 
point  has  been  used).  The  forces  have  been  converged  to 
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a  relative  accuracy  of  up  to  1(T4.  The  resulting  phonon 
spectra  for  the  analyzed  defects  reveal  vibrational  modes 
in  the  band  gap  and  above  the  highest  bulk  phonon 
mode  which  can  be  identified  by  comparison  with  a 
calculated  bulk  phonon  spectrum.  For  the  bulk  spec¬ 
trum,  we  find  a  slightly  too  small  phonon  band  gap  with 
19.2  THz  for  the  lower  band  edge  (L  and  X  point)  versus 
18.5  THz  experimentally  and  22.0  THz  for  the  upper 
band  edge  at  the  L-point  (23.1  THz  experimentally).  For 
the  optical  modes  (LO,  TO)  at  the  T  point  we  find 
27.9  THz.  In  our  calculation,  we  cannot  distinguish 
between  the  TO  and  the  LO  mode  at  the  T  point  (24.1 
and  29. 1  THz  experimentally)  due  to  the  incompatibility 
of  the  macroscopic  polarization  of  the  crystal  with  the 
periodic  boundary  conditions  imposed  on  the  defect  cell. 
This  shortcoming,  though,  does  not  have  any  implica¬ 
tions  for  the  calculation  of  the  localized  defect  modes. 
The  results  on  defect  energetics  in  3C-SiC  have  been 
published  previously  [4]. 


3.  Candidates  for  the  Dn  center 

The  relevant  defect  models  for  the  Dn  spectrum  need 
a  diamond-like  environment  to  provide  LVMs  with 
frequencies  as  high  as  those  experimentally  found.  The 
originally  suggested  di-intersitial  is  indeed  a  short 
carbon  dimer,  but  we  find  a  formation  energy  of 
approximately  12eV  which  is  much  higher  than  that  of 
other  intrinsic  defects.  The  most  abundant  defects  with 
carbon  bonds  are  the  carbon  antisite  (Csi),  the  carbon 
split  interstitial  Csp<ioo>  (two  carbon  atoms  sharing  a 
carbon  lattice  site),  the  carbon-silicon  split  interstitial 
Csp,si<i  oo>  (a  carbon  and  a  silicon  atom  on  a  silicon 
site)  and  the  carbon  split  interstitial-antisite  complex 


QP,csi<i  oo>  (two  carbon  atoms  sharing  a  silicon  site). 
The  geometries  of  these  defects  are  shown  in  Fig.  1 . 

In  their  undistorted  structure,  all  split  interstitials 
show  degenerate  defect  levels  in  the  electronic  band 
gap.  By  occupying  these  levels,  the  Jahn-Teller  effect 
causes  a  reduction  of  the  symmetry  and  a  splitting  of 
these  levels.  In  order  to  avoid  the  Jahn-Teller  effect  initi¬ 
ally,  we  have  considered  the  charge  state  2  +  ,  in  which 
the  defect  levels  are  unoccupied.  For  further  investi¬ 
gation  of  Csp,csi<i  oo>,  also  the  charge  state  1 +  including 
Jahn-Teller  distortion  has  been  investigated.  The 
carbon  antisite  CSi  exists  only  in  the  neutral  charge 
state. 


4.  LVMs  of  Dn  candidates 

We  have  listed  the  results  for  all  analyzed  defects  in 
3C-SiC  in  Table  1 .  The  antisite  CSi  is  the  second  most 
abundant  carbon  defect  in  SiC.  Though  it  is  surrounded 
by  carbon  neighbors,  the  phonon  spectrum  only  shows  a 
splitting  of  the  bulk  modes.  The  nearest  neighbor  atoms 
relax  inwards  and  a  shortening  of  the  bonds  can  be 
identified,  but  they  are  still  too  distant  to  allow  for  the 
localized  modes  found  in  the  Dn  spectrum. 

The  carbon  split  interstitial  Csp<ioo>  has  a  carbon 
dimer  (we  find  a  distance  between  the  two  carbon  atoms 
of  approximately  2  Bohr)  and  is  therefore  closely  related 
to  the  originally  suggested  carbon  di-interstitial.  It  is  the 
most  abundant  interstitial  defect  in  SiC.  The  phonon 
spectrum,  though,  only  shows  a  single  LVM  above  the 
bulk  spectrum  with  a  frequency  of  53  THz.  The  bonds  to 
the  neighboring  silicon  atoms  are  weak,  the  vibration 
decouples  from  its  nearest  neighbors  and  the  split 
interstitial  shows  the  behavior  of  a  single  C2  molecule, 
which  has  a  highest  vibrational  mode  of  48.3  THz.  Our 


Fig.  1.  Atomic  structure  of  the  investigated  defects.  From  left  to  right:  carbon  antisite  CSi,  carbon  split  interstitial  Csp<  ioo>,  carbon- 
silicon  split  interstitial  Csp,csi  <1  0  0),  carbon  split  interstitial-antisite  complex  Csp,Csi<i  o  o>. 
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Table  1 

Frequencies  of  LVMs  of  analyzed  defects  (3C-SiC)  in  THz 


Mode 

Csi 

QP  / 1  »n> 

Csp.Si<  1  ()()> 

c- 

*P.('s,<l  o  o> 

c1  • 

'"!>p.C‘v  <  1  on ; 

Dn  [1] 

Gap  (2) 

Gap  (3) 

Mode  B 
Mode  C 
Mode  D 
Mode  E 
Mode  F 

multiply 
gap  modes 

19.5 

21.5 

53.0 

19.7 

21.3 

31.4 

35.1 

38.1 

20.0 

21.4 

28.4 

30.6 

35.7 

35.7 

43.4 

20.6 

21.1 

28.1 

30.7 

35.1 

36.5 

43.2 

20.3 
21.5 
30.9 

31.7 

35.3 

36.8 

39.8 

calculated  result  is  higher  than  this  value.  However, 
significant  anharmonicity  already  for  small  displace¬ 
ments  is  present  as  the  saddle  point  for  a  migration  of 
one  of  the  atoms  lies  very  close  to  the  defect  geometry. 
The  silicon-carbon  split  interstitial  CspSi<ln()>  is  sur¬ 
rounded  by  carbon  neighbors.  This  defect  has  the 
second  lowest  formation  energy  of  all  interstitial  defects. 
Carbon  bonds  exist  between  the  carbon  atom  of  the  split 
interstitial  and  its  two  nearest  neighbor  atoms.  A  more 
complex  vibrational  spectrum  is  hence  expected.  Indeed, 
we  find  three  non-degenerate  LVMs  above  the  highest 
bulk  mode.  However,  the  number  of  LVMs  does  not 
match  those  of  the  Du  center.  Since  the  defect’s  saddle 
point  for  migration  also  lies  close  to  the  defect  geometry, 
anharmonicity  should  be  relevant. 

The  carbon  split  interstitial-antisite  complex 
Cip.cSl < i  o  o>  is  a  stable  defect  complex  with  a  formation 
energy  comparable  to  that  of  the  split  interstitials.  We 
find  a  high  binding  energy  of  3.6  eV  for  the  charge  state 
2f,  rising  up  to  4.4 eV  for  the  neutral  charge  state. 
Hence  this  complex  should  be  stable  up  to  high 
temperatures.  The  phonon  spectrum  shows  five  LVMs 
above  the  highest  SiC  bulk  mode,  with  frequencies  in 
agreement  with  the  Dn  spectrum.  Furthermore,  two  gap 
modes  can  be  identified.  The  amplitudes  of  the  high 
frequency  modes  are  well  localized  to  the  defect 
molecule  comprised  of  the  split  interstitial  and  the 
neighboring  carbon  atoms.  In  the  charge  state  2 4  the 
modes  D  and  E  are  degenerate  (c.f.  Table  1),  whereas 
the  D„  spectrum  shows  two  distinct  lines  for  this  fre¬ 
quency  region.  This  can  be  explained  by  symmetry.  In 
the  charge  state  2 *  the  defect’s  point  group  is  D2li  and 
the  defect  posseses  an  unoccupied  degenerate  defect  level 
in  the  electronic  band  gap.  This  changes  for  the  charge 
state  1  +  .  The  degenerate  orbitals  become  occupied  and 
a  Jahn-Teller  distortion  lowers  the  symmetry  of  the 
defect  to  C2v.  This  implies  a  symmetry  induced  splitting 
of  the  vibrational  modes.  Indeed,  for  the  charge  state 
1'  we  find  five  non-degenerate  phonon  modes  in 
good  agreement  with  the  D„  spectrum.  The  transition 
level  for  this  charge  state  E(+  +/  +  )  lies  0.4  eV  above 
the  valence  band,  allowing  for  the  existence  of  this 
defect  in  C2v  already  in  p-type  material.  In  the  charge 


state  2  all  defect  states  are  occupied,  a  Jahn-Teller 
effect  does  not  occur  and  the  defect  has  D2d  symmetry 
again.  The  transition  level  H(— / — )  is  1.5eV  above 
the  valence  band,  well  above  mid-gap.  Thus  this  defect 
exists  in  C2v  symmetry  over  a  wide  range  of  doping 
conditions — in  p-type  material  as  well  as  in  n-type 
material. 

Considering  the  defect  molecule  only,  we  find  a 
similar  result  for  4H-SiC.  For  the  charge  state  2 +  the 
phonon  spectrum  of  this  defect  shows  five  non¬ 
degenerate  LVMs  above  the  highest  SiC  bulk  mode 
with  frequencies  comparable  to  those  in  3C-SiC.  The 
splitting  of  the  LVMs  D  and  E  results  from  the  lower 
symmetry  of  4H-SiC.  Our  findings  suggest  an  indepen¬ 
dence  of  the  vibrational  spectrum  of  the  polytype  for 
this  defect. 


5.  Kinetic  aspects 

It  is  well-known  from  experiments  that  the  concentra¬ 
tion  of  the  D,,  center  increases  during  the  annealing  and 
the  spectrum  persists  to  temperatures  up  to  1300?C.  This 
suggests  that  the  formation  of  the  Dn  center  is 
kinetically  driven  and  that  it  possesses  a  high  binding 
energy.  During  implantation,  an  excess  concentration  of 
interstitials  and  vacancies  is  created.  Considering  diffu¬ 
sion  processes  [5],  it  is  possible  to  construct  a  formation 
mechanism  for  the  Csp.cSl<i  o  n>  complex.  The  first  step 
in  this  process  is  the  formation  of  a  carbon  antisite.  A 
possible  process  may  start  with  a  silicon  vacancy.  This 
defect  is  unstable  against  transformation  into  a  carbon 
vacancy-antisite  complex  with  a  barrier  of  I.6eV  in  p- 
type  material.  As  already  noted,  the  carbon  split 
interstitial  is  the  most  abundant  interstitial  defect  in 
SiC.  It  also  has  a  very  low  migration  barrier  of  1.7  eV. 
Such  an  interstitial  can  now  recombine  with  the  carbon 
vacancy  of  the  vacancy-antisite  complex  to  form  an 
isolated  carbon  antisite.  A  further  carbon  split  inter¬ 
stitial  is  now  needed  for  the  formation  of  the  split 
interstitial-antisite  complex.  Due  to  its  high  binding 
energy  of  3.6 eV  and  above,  an  attraction  between  the 
individual  defects  can  be  assumed. 
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From  the  above,  we  expect  for  CsPicSi<ioo>  the 
annealing  kinetics  comparable  to  that  of  the  Dn  center. 

6.  Summary 

We  have  analyzed  the  phonon  spectra  of  carbon 
related  intrinsic  point  defects  in  order  to  identify  the 
localized  vibrational  modes.  For  the  carbon  split 
interstitial-antisite  complex  Csp,csi<i  o  o>  we  find  good 
agreement  between  our  calculated  phonon  frequencies 
and  the  Dn  spectrum  from  PL-experiments.  Its  high 
binding  energy  suggests  a  high  thermal  stability.  The 
other  investigated  defects  do  not  show  compatible 
phonon  spectra.  Besides,  the  high  mobility  of  both  split 
interstitials  does  not  agree  with  the  high  thermal 
stability  of  the  Dn  spectrum.  A  possible  annealing 
kinetics  for  this  complex  has  been  discussed. 
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Abstract 

Defects  in  epitaxially  grown  4H  and  6H  SiC  induced  by  He-implantation  have  been  studied  by  positron  annihilation 
and  deep  level  transient  spectroscopy.  Two  major  annealing  processes  of  vacancy-type  defects  appeared  at  500-800'C 
and  above  1000'C  irrespective  of  polytype  and  conduction  type.  In  n-type  samples,  the  latter  process  is  dominated  by- 
two  different  types  of  defects.  In  n-type  6H  SiC,  Zj  /2  levels  emerged  after  annealing  at  800  C.  The  Z\  2  levels 
disappeared  around  1 100'C  with  an  appearance  of  E\!2  levels.  The  E\/2  levels  are  eventually  annealed  at  1 500-1 700"C. 
Similar  annealing  behavior  was  observed  for  the  corresponding  levels  in  n-type  4H  SiC,  i.e.,  RDl  and  Z,  ,-2  levels.  The 
overall  annealing  behavior  of  vacancy-type  defects  by  positron  annihilation  and  the  deep  levels  are  in  good  agreement 
above  80CLC  suggesting  that  the  above  deep  levels  are  related  to  the  vacancy-type  defects.  (f;  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords :  SiC;  Positron  annihilation;  DLTS;  Vacancies 


1.  Introduction 

Ion-implantation  is  an  indispensable  technique  for  the 
selective  doping  of  SiC  because  of  the  extremely  small 
diffusion  constants  of  the  dopant  impurities.  Residual 
defects  induced  by  post-implantation  annealing  prevent 
the  full  activation  of  dopant  impurities.  After  ion 
bombardment  a  series  of  deep  levels  have  so  far  been 
observed  in  SiC  [1].  In  particular,  two  major  peaks 
termed  E\;2  and  Z\j 2  in  6H  SiC  and  Z\p_  and  RD X/2  in 
4H  SiC  are  important  after  a  high  temperature  anneal¬ 
ing  above  1 000  C  [2].  These  levels  are  thought  to  have 
the  following  correspondence:  E\  2 :  6H<->Z|  2 :  4H  and 
Z|  2:6H<->RZ)|  ::4H  [1].  That  is,  the  corresponding 
defects  in  these  polytypes  have  the  same  atomic 
structures.  Their  origins  are  still  unknown. 
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In  this  work,  we  investigated  the  annealing  processes 
of  vacancy-type  defects  in  4H  and  6H  SiC  epilayers  after 
He-implantation  using  positron  annihilation  spectro¬ 
scopy  (PAS).  Deep  level  transient  spectroscopy  (DLTS) 
measurements  have  also  been  carried  out  on  the  same 
wafers  [3].  From  the  correlation  between  PAS  and 
DLTS  data,  we  confirmed  that  E\  2  and  Zx  2  levels  in  6H 
SiC  and  Z\j2  and  RD \>2  levels  in  4H  SiC  are  originating 
from  vacancy-type  defects. 


2.  Experimental 

Samples  were  cut  from  chemical  vapor  deposition 
(CVD)  grown  4H  and  6H  SiC  films  doped  with  nitrogen 
(n-type)  or  aluminum  (p-type)  with  approximately  5  pm 
thick  on  the  respective  substrates.  The  net  doping 
concentration  was  approximately  5  x  lO^cm"3.  In 
order  to  generate  a  box-shape  defect  profile  in  the 
epilayers,  the  samples  were  implanted  with  He  ions  at 
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energies  (doses)  of  30keV  (8xlOncm  2),  lOOkeV 
(9.5  x  10"  cm"2),  210keV  (9.5  x  10"  cm-2),  350keV 
(9.5  x  10"  cm-2),  500 keV  (9.5  x  101 1  cm”2),  650keV 
(1  x  10l2crrr2),  800 keV  (1.1  x  10I2cm“2)  and  950 keV 
(1.3  x  1012cm-2)  at  room  temperature.  Isochronal 
annealing  was  conducted  from  100°C  to  1700°C  for 
30  min  in  vacuum  or  dry  argon  ambient.  Positron 
annihilation  Doppler  broadening  measurements  were 
performed  with  the  positron  beam  at  an  incident  energy 
(£)  below  40keV.  The  energy  windows  for  the  peak 
intensity  (5-parameter)  and  tail  intensity  (fF-parameter) 
are  511.0  +  0.9  and  516.0  +  6.0keV,  respectively.  Posi¬ 
tron  lifetime  measurements  were  also  carried  out  with  a 
pulsed  beam  at  E  =  17keV.  The  time  resolution  of  the 
spectrometer  was  approximately  260  ps.  All  the  unim¬ 
planted  samples  showed  a  unique  5-parameter  at 
E>  15keV.  Only  one  lifetime  component  (140-145  ps), 
which  agreed  with  the  SiC  bulk  lifetime  [4],  was  found  in 
unimplanted  p-type  samples  though  the  spectra  of 
unimplanted  n-type  samples  that  were  strongly  modu¬ 
lated  due  to  the  positron  reemission  effect.  Thus,  we  use 
unimplanted  p-type  samples  as  references  and  suppose 
that  5-parameter  at  £>15  keV  represents  the  bulk 
value. 


3.  Results  and  discussion 

Fig.  1  shows  the  positron  lifetime  spectra  for  He- 
implanted  samples  with  a  reference  sample  (unimplanted 
p-type  6H).  The  positron  lifetime  shows  a  similar 
increase  after  implantation  in  both  polytypes  and 
conduction  types.  The  average  lifetime  after  implanta¬ 
tion  is  determined  to  be  approximately  210  ps  for  all  the 


Fig.  1.  Positron  lifetime  spectra  of  an  unimplanted  p-type  6H 
SiC  (as  a  reference)  and  of  He-implanted  samples. 


Mean  implantation  depth  (pm) 


Incident  positron  energy  (keV) 

Fig.  2.  5-parameter  for  the  reference  sample  (unimplanted  p- 
type  6H  SiC)  and  for  the  He-implanted  samples  as  a  function  of 
incident  positron  energy.  The  5-parameter  is  normalized  to  that 
of  the  reference  sample  at  E  >  15keV. 


samples.  Two-component  analyses  gave  rise  to  the 
defect-related  lifetime  (12)  of  236  +  8  ps  with  an  intensity 
of  60-70%.  Fig.  2  shows  5-parameter  after  implantation 
(normalized  to  the  bulk  5-parameter)  with  that  of  the 
reference  sample  as  a  function  of  incident  positron 
energy.  After  implantation,  5-parameter  increases 
homogeneously  from  the  unimplanted  level  at 
3keV<£<17keV  and  approaches  the  bulk  value  with 
increasing  energy.  This  indicates  that  vacancies  are 
homogeneously  distributed  in  the  implanted  region.  The 
depth  profiles  of  vacancies  determined  by  the  VEPFIT 
program  considering  the  one-dimensional  diffusion  of 
positrons  [5]  actually  agreed  with  that  calculated  from 
SRIM  simulation  [6].  The  average  5-parameter  in  the 
implanted  region  is  1.056.  There  are  no  significant 
differences  between  different  polytypes  and  conduction 
types  in  both  lifetime  spectra  and  S—E  relations.  The 
absence  of  polytype  dependence  on  5-parameter  and 
lifetime  shows  that  the  same  types  of  vacancies  are 
generated  as  positron  trapping  centers  irrespective  of  the 
polytype.  The  absence  of  conduction  type  dependence 
can  be  explained  as  the  shift  of  the  Fermi  level  towards 
the  mid-gap  in  both  n-  and  p-type  samples  so  that 
positron-trapping  centers  are  retained  in  the  same 
charge  states.  The  observed  5-parameter  ( —  1 .06)  and 
positron  lifetime  (t2  =  236  ps)  in  the  damage  region 
greatly  exceed  the  specific  values  for  isolated  silicon 
vacancies  (1.028-1.031  [7]  and  ~  190ps  [8],  respectively). 
This  shows  that  both  single  vacancies  and  further 
vacancy  agglomerates,  such  as  di  vacancies,  are 
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Fig.  3.  5-parameter  for  He-implanted  samples  as  a  function  of 
annealing  temperature. 


generated  by  implantation.  This  is  naturally  understood 
in  terms  of  nuclear  collisions  near  the  ranges  of 
He  ions. 

Fig.  3  shows  the  annealing  behavior  of  the  5- 
parameter  in  the  damage  region  determined  by  the 
VEPFIT  analysis.  The  annealing  behaviors  for  4H  and 
6H  samples  are  quite  identical.  This  again  shows  that  the 
similar  damages  are  created  in  both  polytypes.  One  may 
divide  the  annealing  process  of  5-parameter  into  three 
parts:  (i)  the  first  decrease  at  500-700X;  (ii)  a  slight 
increase  around  1000'C  and  (iii)  a  final  recovery  above 
1100  C.  In  the  first  part,  the  defect-related  positron 
lifetime  was  similar  to  that  for  the  as-implanted  sample 
(t:  =  236ps),  while  the  intensity  decreased  from  ap¬ 
proximately  70%  to  50%.  The  first  annealing  process  is 
primarily  interpreted  as  the  disappearance  of  as  the 
single  vacancies.  This  is  in  good  agreement  with  the 
previous  report  that  isolated  silicon  and  carbon  vacan¬ 
cies  are  mobile  below  1000°C  [9].  The  increase  of  the  5- 
parameter  in  the  second  part  implies  the  generation  of 
complex  defects.  Probably,  a  part  of  mobile  vacancies 
agglomerates  or  combines  with  other  defects.  The 
former  two  processes  are  commonly  observed  for  both 
conduction  types  suggesting  a  lesser  influence  of  dopant 
impurities.  The  5-parameter  for  the  p-type  samples 
decreases  steeply  around  1100'C  and  reaches  the 
unimplanted  level  already  at  1200'C.  Contrary  to  this 
steep  recovery  for  the  p-type  samples,  the  n-type 


samples  show  a  somewhat  broad  feature.  This  means 
that  another  type  of  defects,  which  cannot  be  seen  in  p- 
type  samples,  is  detected  in  n-type  samples  above 
1200"C.  There  are  two  possible  ways  to  explain  this 
result:  (i)  Only  one  type  of  defect  exists  in  p-type 
samples,  while  two  types  of  defects  (one  of  them  is 
common  to  p-type)  exist  in  n-type,  or  (ii)  Two  types  of 
defects  acting  as  positron  trapping  centers  exist  in  both 
n-  and  p-type  samples.  One  of  them,  which  has  a  higher 
thermal  stability,  is  not  detected  in  p-type  samples  due 
to  the  recovery  of  the  Fermi  level  accompanying  the 
disappearance  of  the  majority  of  defects  so  as  to  charge 
positron-trapping  centers  more  negatively  and  positively 
in  n-  and  p-type  samples,  respectively.  It  is  rather 
difficult  to  decide  which  of  the  above  possibilities 
actually  occur.  However,  in  any  case,  two  different 
types  of  defects  contribute  to  the  annealing  process  of  n- 
type  samples  above  100(TC.  The  increase  of  5-parameter 
at  lOOOX  was  not  observed  in  the  case  of  electron- 
irradiated  samples  [10].  It  is  assumed  that  He-implanta- 
tion  causes  much  more  complicated  damage  structures 
than  electron  irradiation.  Therefore,  we  suppose  that 
such  an  effect  preferentially  appears  with  higher  amount 
of  damages.  The  final  recovery  of  5-parameter  above 
1200°C  for  n-type  samples  is  also  observed  in  the 
electron-irradiated  samples.  Thus,  the  same  type  of 
defects  should  be  responsible  for  this  annealing  process 
in  He-implanted  and  electron-irradiated  samples.  From 
the  detailed  analyses  of  the  electron-irradiated  samples, 
we  proposed  that  complex  defects  related  to  silicon 
vacancies  are  important.  It  is  interesting  to  note  that 
even  in  the  case  of  He-implantation,  which  may  resulting 
in  a  heavier  damage  than  electron  irradiation,  all  the 
vacancy-type  defects  detected  by  positron  annihilation 
vanish  after  annealing  at  1700'C  as  well  as  in  electron 
irradiation  case. 

We  compare  the  above-described  positron  annihila¬ 
tion  and  DLTS  experiments.  After  annealing  above 
700°C,  E\/2  and  Z\/i  levels  in  6H  and  Zj/2  and  RD\n 
levels  in  4H  are  observed  [3].  The  concentrations  of  these 
levels  are  determined  by  C-  V  characteristics.  Fig.  4 
shows  the  annealing  behavior  of  these  levels  with  the 
respective  5-parameters.  The  concentrations  of  Z\  n  in 
6H  and  RD\  n  in  4H  samples  slightly  increase  at  100(FC 
and  drastically  decrease  until  1200'C.  The  concentra¬ 
tions  of  E\n  in  6H  and  Z\/2  in  4H  increase  from  100CFC 
along  with  the  decreases  of  Z)/:  in  6H  and  RD j.:  in  4H 
and  finally  decrease  above  1400'C.  One  can  immediately 
find  that  these  successive  annealing  behaviors  of  £j  2 
and  Z!/2  levels  in  6H  and  Z\n  and  RD\  2  levels  in  4H 
are  in  good  agreement  with  what  we  observed  for  the  5- 
parameter.  That  is,  increase  in  the  concentrations  of 
Z | j2  in  6H  and  RD j/2  levels  in  4H  closely  matches  with 
that  of  5-parameter  at  100(TC.  The  decrease  in  the 
concentrations  of  E]  f2  in  6H  and  Z\ <2  levels  in  4H 
coincides  with  the  final  recovery  of  5-parameter  at 
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Annealing  temperature  (°C) 

Fig.  4.  Annealing  behavior  of  the  S-parameter  and  concentra¬ 
tions  of  the  observed  deep  levels  ( Ei/2  and  Z\/2  levels  in  6H  and 
Z\/ 2  and  RD\/2  levels  in  4H  SiC)  for  He-implanted  samples  in 
the  annealing  temperature  range  above  800°C. 


1200°C.  Thus,  the  above  electronic  levels  should  be 
related  to  vacancy-type  defects  detected  by  positron 
annihilation.  Recently,  we  also  proposed  that  E\(2  in  6H 
and  Z\j2  in  4H  should  be  silicon- vacancy-related  defects 
using  electron-irradiated  epilayers  [10].  This  proposal  is 
again  supported  here. 

4.  Summary 

In  summary,  we  investigated  the  annealing  process  of 
vacancy-type  defects  in  4H  and  6H  SiC  CVD  epilayers 
after  He-implantation.  There  are  no  essential  differences 


between  4H  and  6H  samples  in  their  annealing  process. 
From  the  comparison  between  n-  and  p-type  samples,  it 
was  found  that  two  types  of  vacancies  contribute  to  the 
annealing  process  above  1000°C  in  n-type  samples.  The 
overall  annealing  behavior  for  vacancy-type  defects 
agrees  with  the  successive  annealing  of  Z\f2  and  E\j2 
levels  in  6H  and  Z\f2  and  RDi^  levels  in  4H  SiC. 
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Abstract 

Vacancy-type  defects  produced  by  100  keV  A1  ion  implantation  in  epitaxial  4H-SiC  have  been  studied  by  positron 
annihilation  spectroscopy.  The  implantation  dose  varied  from  3  x  1013  to  1  x  10I5/cm2  and  the  implantation 
temperature  was  25-800  C.  From  the  experimental  results  it  is  clear  that  the  implantation  at  elevated  temperatures 
reduces  the  number  of  vacancy  type  defects.  Furthermore,  the  defect-cluster  size  depends  on  the  implantation 
temperature,  suggesting  that  the  vacancies  involved  are  mobile.  The  positron  annihilation  experiments  also  suggest  that 
the  defect  profile  extends  deeper  into  the  samples  than  expected  from  the  deposited  energy  distribution  and  from 
previous  Rutherford  backscattering/channeling  measurements.  (o  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

During  the  last  decade  much  interest  has  been  drawn 
towards  silicon  carbide,  due  to  its  versatility  as  a  base 
for  electronic  and  optoelectronic  devices.  Owing  to  its 
material  properties,  SiC  devices  can  operate  under 
extreme  conditions,  e.g.  high  electric  power,  high 
temperatures,  etc.  It  has  previously  been  shown  that 
A1  implantation  is  an  adequate  technique  to  produce 
sharp  p~  doped  regions  in  SiC  [1-3].  An  evident 
disadvantage  of  this  technique  is  the  production  of 
implantation  induced  defects,  such  as  vacancies  and 
interstitials.  In  order  to  maintain  the  electrical  properties 
of  the  crystal  these  defects  have  to  be  annealed.  These 
anneals  often  require  very  high  temperatures  [4],  but  if 
the  implantation  damage  is  too  heavy,  the  electrical 
properties  of  the  crystal  cannot  be  restored  [5],  In  order 
to  reduce  the  implantation  damage  and  allow  point 
defects  to  recombine,  the  implantation  can  be  performed 
at  elevated  temperatures. 
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Positron  annihilation  spectroscopy  (PAS)  has  success¬ 
fully  been  used  to  identify  and  characterize  vacancy-type 
point  defects  in  semiconductors  [6].  In  this  study  we 
apply  PAS  in  the  Doppler  broadening  mode  to  study  ion 
implantation  induced  defects  in  4H-SiC.  Previous 
studies  have  identified  the  silicon  and  carbon  mono¬ 
vacancies  in  irradiated  SiC  [7]  and  some  studies  on 
implantation  related  defects  have  also  been  done  [8.9]. 
The  PAS  results  are  compared  to  measurements  done 
with  Rutherford  backscattering  spectrometry  (RBS)  in 
the  channeling  mode  from  the  same  samples. 

2.  Experimental 

The  samples  used  in  this  study  were  epitaxial  4H-SiC 
layers  with  thicknesses  of  more  than  10  pm  grown  by 
chemical  vapour  deposition  on  4H  n-type  SiC  sub¬ 
strates.  The  samples  were  implanted  with  100  keV  Al~ 
ions,  the  dose  varied  between  3  x  1013  and  1  x 
lO'  Ycm2.  The  implantation  temperature  was  25-800  C. 

In  order  to  study  the  vacancy-type  defect  distributions 
in  the  implanted  samples,  we  used  a  monoenergetie 
positron  beam.  Positron  spectroscopy  is  a  powerful  tool 
to  study  vacancy-type  defects.  Positrons  in  materials 
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science  can  either  be  taken  directly  from  a  (3+  source  or, 
as  in  this  case,  be  moderated  and  then  accelerated  to  the 
desired  implantation  energy.  After  thermalization  the 
positron  diffuses  in  the  sample  until  it  annihilates  with 
an  electron.  Neutral  and  negative  vacancy- type  defects 
in  the  lattice  act  as  positron  traps.  When  a  positron  is 
trapped  by  such  a  defect,  its  lifetime  increases  and  the 
positron-electron  momentum  distribution  narrows  due 
to  reduced  electron  density. 

The  momentum  of  the  annihilating  positron-electron 
pair  can  be  detected  as  Doppler  broadening  of  the 
511  keV  annihilation  line.  In  order  to  detect  this 
broadening  we  used  a  Ge  detector  with  a  energy 
resolution  1.3  keV  at  511  keV.  The  shape  of  the 
broadened  annihilation  line  is  usually  described  by  the 
parameters  S  and  W.  The  low  momentum  parameter  S 
is  the  fraction  of  counts  in  the  central  part  of  the  line 
and  thus  it  describes  annihilation  with  low  momentum 
valence  electrons.  Correspondingly  W  is  the  high 
momentum  parameter  obtained  as  the  fraction  of  counts 
in  the  wing  region  of  the  annihilation  line  and  it  thus 
describes  annihilation  mainly  with  core  electrons. 
Consequently  an  increase/decrease  in  S/W  parameter 
indicates  the  presence  of  vacancy-type  defects.  The 
measured  S/W  parameter  is  a  superposition  of  the 
S/W  parameter  of  the  bulk  and  the  parameters  of  the 
different  defects  in  the  sample.  Near  the  surface,  the 
annihilation  of  the  positron  at  the  surface  also  has  to  be 
accounted  for.  This  gives  the  following  equations  for  the 
S/W  parameter: 

S  —  rjBSB  +  tlDjSpj,  (1) 

(2) 

If  a  sample  contains  only  one  type  of  defect,  the  S-W 
plot  of  the  measurement  should  form  the  segment  of  a 
line  between  the  defect  and  the  bulk  state. 


3.  Results  and  discussion 

Fig.  1  shows  the  S  and  W  parameters  as  a  function  of 
positron  implantation  energy  for  Al+  implantations  at 
25°C  (3  x  1013  and  5  x  1014  Al/cm2)  and  at  800°C  (5  x 
1014  Al/cm2).  The  mean  positron  implantation  depth  is 
also  indicated  in  the  figure.  As  can  be  seen  for  the 
samples  implanted  at  RT,  the  S  and  W  parameters 
behave  as  expected  in  the  implanted  region,  i.e.  higher 
dose  results  in  higher  S  parameter.  A  previous  work  [10] 
where  the  implantation  damage  was  studied  by  RBS/ 
channeling  showed  that  for  samples  implanted  with  1  x 
10l5/cm2  Al  at  RT  the  sample  was  almost  amorphisized 
to  a  depth  of  approximately  300  nm.  This  trend  can  also 
be  seen  in  the  large  S  parameter  values  obtained  near  the 
maximum  of  the  Al  implantation  profile  for  the  samples 
measured  with  PAS.  For  the  sample  implanted  at  800°C 


Mean  stopping  depth  [pm] 


Fig.  1.  S  and  W  parameters  as  a  function  of  positron 
implantation  energy  for  samples  implanted  at  room  tempera¬ 
ture  and  at  800°C.  The  doses  are  indicated  in  the  figure  as  well 
as  the  mean  positron  implantation  depth. 


in  Fig.  1  the  elevated  implantation  temperature  does  not 
seem  to  have  a  positive  effect  on  the  reduction  of 
implantation  induced  defects.  However,  as  we  will  show 
the  high  S  parameter  values  obtained  in  the  samples 
implanted  at  elevated  temperatures  is  due  to  defect 
clustering. 

Fig.  2  shows  the  S-W  plot  for  the  sample  implanted 
at  800°C,  in  the  figure  the  S/W  parameters  of  the  silicon 
vacancy  in]  is  also  shown.  As  can  be  seen  the 
parameters  fall  on  the  same  line,  suggesting  that  only 
one  type  of  defect  of  the  same  kind  is  present  in  the 
sample,  also  the  S/W  parameters  of  the  Si  vacancy  fall 
on  this  line.  Since  some  measured  S  parameters  are 
higher  and  some  measured  W  parameters  are  lower  than 
that  for  the  Si  vacancy  and  still  on  the  same  line  we  do 
not  think  that  this  is  a  sign  of  a  single  vacancy  type 
present  in  the  samples.  Rather  mono-vacancies  and 
larger  vacancy-type  defects  coexist.  Since  the  carbon 
atom  is  much  smaller  than  the  silicon  atom  and  has 
much  fewer  electrons,  the  influence  of  the  carbon  atoms 
on  the  S  and  W  parameters  is  insignificant.  This  results 
in  the  parameters  falling  on  the  same  line.  In  Fig.  2  is 
also  shown  the  turning  point  from  the  bulk-defect  line  to 
the  defect-surface  state  line  for  the  samples  implanted 
with  5  x  1014  Al/cm2  at  400°C  as  well  as  the  turning 
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Fig.  2.  S-W  plot  for  the  sample  implanted  at  800'C  with  5  x  10IJ  Al/cm:.  The  parameters  for  the  silicon  vacancy  arc  from  Ref.  [1 1]. 
In  the  figure  is  also  shown  the  turning  points  from  the  bulk-defect  line  to  the  defect-surface  line  for  different  implantations. 


Fig.  3.  Displaced  silicon  atoms  versus  depth  calculated  from 
RBS/channeling  measurements  for  samples  implanted  with  5  x 
1014  Al/cnr  at  RT,  200'C  and  400'C  [10]. 


points  for  samples  implanted  with  3  x  10'\  5  x  1014 
and  1  x  1015  Al/cm“  at  RT.  As  can  be  seen  the  turning 
point  moves  to  higher  S  parameters  value/lower  W 
parameter  value  with  increasing  temperature,  indicating 
increasing  defect  size.  From  the  turning  points  of  the 
samples  implanted  at  room  temperature,  Fig.  2  also 
indicate,  as  expected,  that  the  amount  of  damage 
increases  with  increasing  implantation  dose. 

Fig.  2  can  be  compared  to  the  RBS/channeling  result 
shown  in  Fig.  3.  The  concentration  of  displaced  silicon 
atoms  is  decreasing  with  increasing  implantation  tem¬ 
perature.  For  samples  implanted  at  temperatures  above 
400:C  the  RBS/channeling  analysis  is  not  sensitive 


enough  to  detect  displaced  atoms.  A  quick  comparison 
of  Figs.  2  and  3  could  results  in  the  interpretation  that 
the  PAS  and  channeling  results  contradict  each  other, 
since  the  PAS  study  indicate  more/larger  defects  with 
increasing  implantation  temperature  and  the  channeling 
analysis  indicate  a  decrease  in  defects  with  increasing 
implantation  temperature.  However,  PAS  is  sensitive  to 
vacancy-type  defects  and  channeling  is  sensitive  to 
displaced  atoms.  The  correct  interpretation  of  Figs.  2 
and  3  is  that  with  increasing  implantation  temperature, 
the  recombination  of  vacancies  and  interstitials  created 
in  the  implantation  process  is  increasing,  but  at  the  same 
time  vacancy  migration  results  in  vacancy  clustering  and 
thus  in  larger  vacancy-type  defects  and  in  the  turning 
point  moving  to  higher  S  parameter  values. 

When  Fig.  1  is  compared  to  the  Srim  98  [12.13] 
simulation  of  the  A1  implantation  in  Fig.  4  and  to  the 
RBS/channeling  measurement  in  Fig.  3,  the  following 
observation  can  be  done:  The  S/W  parameters  do  not 
reach  the  bulk  value  even  at  the  maximum  positron 
implantation  energy  of  25  keV  for  any  of  the  implanted 
samples.  At  this  energy  less  than  5%  of  the  implanted 
positrons  annihilate  in  the  A1  implanted  region,  these 
5%  include  the  positron  diffusion  length  of  approxi¬ 
mately  200  nm  in  bulk  SiC  [8].  This  is  not  enough  to 
cause  the  relatively  high  S  parameter  at  25  keV. 
Evidently,  the  defect  distribution  extends  deeper  in  the 
sample  than  expected  from  Figs.  3  and  4.  At  this  stage 
we  can  only  speculate  over  the  phenomenon  behind  this 
effect,  but  a  possible  explanation  could  be  the  channel¬ 
ing  effect  combined  with  the  feeding  effect  [14].  Previous 
studies  of  A1  implantation  in  6H-SiC  in  channeled 
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Fig.  4.  Srim  98  simulation  of  the  Al+100  keV  implantation. 


directions  have  shown  that  the  range  is  significantly 
extended  when  compared  to  random  implantation  [15]. 
Another  explanation  would  be  an  electric  field  which 
would  drive  the  positrons  into  annihilating  in  the 
implanted  region,  this  would  distort  the  interpretation 
of  the  results  in  Fig.  1.  However,  this  does  not  seem 
likely  since  the  Al  need  to  be  activated  in  order  to 
produce  this  electric  field  and  the  annealing  tempera¬ 
tures  needed  for  this  are  significantly  higher  than  the 
implantation  temperatures  used  in  our  experiments. 


4.  Conclusions 

We  have  studied  the  formation  of  vacancy-type 
defects  in  Al  implanted  4H-SiC,  both  as  a  function  of 
implantation  dose  and  implantation  temperature.  As 
expected  the  amount  of  damage  induced  in  the  samples 
depend  on  the  implantation  dose.  The  results  also 
indicate  that  the  defect  distributions  extend  deeper  into 
the  samples  than  expected.  Further  studies  are  planned 
to  verify  and  investigate  this  phenomenon.  The  recovery 
process  of  the  samples  implanted  at  elevated  tempera¬ 
tures  shows  signs  of  vacancy  migration  and  vacancy 
clustering. 
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Abstract 

We  have  used  pulsed-slow-positron-beam-based  positron  lifetime  spectroscopy  to  investigate  the  nature  of  acceptors 
and  charge  states  of  vacancy-type  defects  in  low-energy  proton-implanted  6H-SiC(H).  We  can  infer  from  the 
temperature  dependence  of  the  lifetime  spectra  that  neutral  and  negatively  charged  vacancy  clusters  exist  in  the  track 
region.  Depending  on  annealing,  they  give  rise  to  positron  lifetimes  of  257  +  2,  281  ±4  and  345  + 2  ps.  respectively.  The 
281  ps  cluster  has  likely  an  ionization  level  near  the  middle  of  the  band  gap.  By  comparison  with  theory,  the  257  and 
280  ps  are  identified  as  (Vc— Vsi)2  and  (Vc  -Vsj)3  clusters,  respectively.  In  addition,  other  acceptors  of  ionic  type  act  as 
strong  trapping  centers  at  low'  temperature  ( T <  150K).  Neutral  monovacancy-like  complexes  are  also  detected  with  a 
lifetime  of  160  +  2  after  900  C  annealing,  (f j  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Slow  positron  annihilation;  Silicon  carbide:  Proton  implantation;  Vacancy  defects 


Silicon  Carbide  is  a  large  band  gap  semiconductor, 
with  fast  switching  times  suitable  for  high  power  and 
high  temperature  applications.  It  occurs  in  different 
polytypes  [1],  the  hexagonal  4H  and  6H  ones  are  the 
most  important  for  microelectronic  applications.  De¬ 
fects  in  the  different  SiC  polytypes  have  been  studied  by 
different  techniques,  including  deep  level  transient 
spectroscopy  [1,2],  electron  spin  resonance  [1,3]  and 
positron  annihilation  spectroscopy  [4-11],  In  6H-SiC, 
passivation  [12],  doping  [13]  and  the  Smart  Cut  process 
[14,15]  have  been  all  achieved  using  hydrogen  implanta¬ 
tion.  However,  the  role  and  type  of  defects  controlling 
the  electrical  properties  in  6H~SiC(H)  is  far  from  fully 
understood. 

We  use  positron  annihilation  to  investigate  the  nature 
of  acceptors  and  the  charge  states  of  vacancy-induced 
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defects  in  6H-SiC.  We  focus  here  on  the  track  region  of 
low-energy  protons  after  900  C  and  1300  C  annealing. 

The  two  studied  layers  were  initially  4  pm  thick  n-type 
1017cm  3  nitrogen  doped  6H-SiC  grow'n  epitaxially  on 
n-type  (3.5xl0lscm  2)  substrates  from  CREE.  As 
detailed  in  Ref.  [16],  they  were  implanted  with  approxi¬ 
mately  4  x  1 0 1 6  cm  2  H  +  at  1pm  depth  and  then 
annealed  at  900°C  (H900)  and  1300'C  (HI 300).  After 
annealing,  the  doping  of  the  initially  n-type  epitaxial 
layers  was  still  compensated,  indicating  the  presence  of 
acceptor-like  defect  states  surviving  the  annealing. 

Slow  positron  beam  based  Doppler  broadening 
spectroscopy,  which  gives  information  on  the  electron 
momentum  distribution,  has  been  used  to  investigate  the 
defect  distribution  as  a  function  of  depth  at  room 
temperature.  In  both  layers  the  fitting  by  VEPFIT  of  the 
data  in  Fig.  1  reveals  three  broadly  different  regions: 
the  track  region,  between  the  surface  and  the  hydrogen 
peak  at  1  pm;  the  cascade  region,  around  the  hydrogen 
peak  at  1  pm;  and  the  beyond  cascade  region.  In  H900. 
the  track  region  is  homogeneous  and  the  size  of  vacancy 
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Mean  Implantation  depth  (nm) 


Positron  energy  (keV) 

Fig.  1.  Low  momentum  fraction  S  =  Aa([0  —  1 2.88 |]x 
10-3  moc)/NA([0  -  |27.32|]  x  10-3  mQc)  and  high  momentum 
fraction  W  =  Aa([|  1 1.27 1  -  |27.32|]  x  lO"3  woc)/Aa([0- 
|27.32|]  x  10_3«7oc)  as  a  function  of  positron  beam  energy  in 
H+  implanted  6H-SiC  layers  annealed  at  900°C  or  1300°C.  The 
mean  implantation  depth  in  SiC  is  z(E)  (nm)  =  9.17  x  ElJ  (keV) 
[19].  A  modified  version  of  VEPFIT  is  used  to  consistently  fit 
(dots  lines)  the  .S(PF)  curves  from  2.5keV  in  the  annealed  layers 
with  a  model  of  several  homogeneous  layers  (3  for  H900  and  4 
for  HI  300,  see  details  in  Ref.  [16]). 


defects  is  big  as  suggested  by  the  high  value  of  the  low 
momentum  annihilation  fraction  ( S )  and  the  low  value 
of  the  high  momentum  annihilation  fraction  ( W )  found 
in  the  fitting  (S/SKr  =  1.088,  W/W^  =  0.766).  After 
1300°C  annealing  the  track  region  is  divided  into  2 
regions:  the  first  region  from  the  surface  to  around 
0.3  pm  is  less  damaged  than  the  second  region  extending 
from  0.3  to  1.05  pm. 

The  positron  lifetime  measurements  were  performed 
using  the  pulsed  low-energy  positron  system  at  the 
Universitat  der  Bundeswehr  Munchen  [17].  The  positron 
lifetime  spectra  N(t,  E,  T)  were  recorded  as  a  function 
of  the  incident  positron  energy  E  (see  details  in  Ref.  [20]) 
for  different  temperatures  T  between  75  and  375  K  for 
H900  and  300 K  for  HI 300.  We  could  use  a  conven¬ 
tional  analysis  of  the  lifetime  spectra  in  terms  of 
exponential  components  due  to  the  short  positron 
diffusion  length  in  these  layers:  the  energy  dependence 
reflects  only  the  stopping  profile  in  the  track  region  and 
the  surface  contribution  vanishes  quickly  at  energy 
^5keV.  The  lifetime  spectra  in  6H-SiC  could  be 
decomposed  into  a  sum  of  two  exponential  decay 


components  (/i,tj),  (/?,  12)  (see  details  in  Ref.  [20]) 
where  the  mean  lifetime  z(E,  T)  =  [1  -  I2(E}  T)]x 
ii  (E,  T)  +  l2(E ,  T)  x  T2 (E,  T)  is  equal  to  the  center 
of  mass.  In  both  layers,  the  mean  lifetime  t  as  a  function 
of  E  exhibits  a  plateau  in  the  energy  range  correspond¬ 
ing  to  the  proton  track  region  6-10keV  in  H900  and  9- 
13keV  in  HI 300.  In  these  energy  ranges  the  positron 
mean  lifetimes  are  temperature  dependent  and  vary  from 
255  + 2 ps  at  300 K  to  247 Tips  at  75 K  in  H900  and 
from,  respectively,  276 +  5-235  + 2 ps  in  HI 300.  One  can 
thus  conclude  that  positrons  in  the  track  region  see  a 
homogeneous  distribution  of  vacancy-type  defects  where 
the  trapping  rates  vary  with  temperature.  To  investigate 
the  vacancy  distribution,  we  monitor  the  temperature 
dependence  of  the  lifetime  spectra,  in  the  track  region 
1 80-600  nm  sampled  by  8-10  keV  positrons  [19]. 

In  the  two  layers,  the  values  t*(T)  =  [(I\(T)/ 
t\(T)  +  I2(T)/x2(T)]~l  are  calculated  to  check  the 
validity  of  the  one  defect  trapping  model.  At  all 
temperatures  the  t *(T)  values  are  much  longer  than 
the  lifetime  141  ps  in  6H-SiC  lattice  [6-8].  This  indicates 
that  positrons  are  trapped  by  different  types  of  defects 
[18].  In  both  layers  the  lifetime  z2 (T)  vary  from  a  low  to 
a  high  temperature  plateau.  It  sharply  increases  by  24  ps 
from  257  +  2  to  281  +4  ps  in  the  range  1 75-225  K  in 
H900.  It  strongly  increases  by  60  ps  from  285  +  5  to 
345  + 2 ps  in  the  range  1 50-250 K  in  HI 300.  The 
variation  of  x2  (T)  with  temperature  indicates  that 
different  types  of  vacancy  clusters  exist  after  annealing. 
Assuming  that  the  charge  of  defects  is  constant  as  a 
function  of  temperature  in  the  semi-insulating  layers,  we 
conclude  that  a  small  cluster  is  detected  at  low 
temperature  and  a  bigger  one  at  high  temperature.  The 
trapping  coefficient  of  vacancy-clusters  is  known  to 
increase  with  the  size  of  the  cluster  [18].  In  order  to 
compete  with  the  trapping  in  the  biggest  defect,  the 
trapping  coefficient  p  at  the  smallest  cluster  has  to 
increase  when  temperature  decreases.  This  property  is 
fulfilled  for  negatively  charged  defects  where  p  is  known 
to  change  in  77-1/2  [18].  We  propose  that,  the  low 
temperature  r2  lifetimes  values,  257  ps  in  H900  (Fig.  2c) 
and  280 ps  in  HI 300  (Fig.  2g),  arise  from  negatively 
charged  vacancy  clusters.  The  T2  lifetimes  values,  280  ps 
in  H900  and  345 ps  in  HI 300  observed  at  high 
temperature,  arise  from  neutral  vacancy  clusters.  An¬ 
other  interesting  point  is  that  the  280  ps  lifetime  arises 
from  a  neutral  defect  above  225  K  in  H900  and  from  a 
negatively  charged  defect  below  150K  in  HI 300.  This 
suggests  that  the  280  ps  lifetime  is  due  to  a  defect  which 
has  an  ionization  level  -/0  near  the  middle  of  the  band 
gap.  The  Fermi  level  is  above  the  ionization  level  in  the 
HI  300  where  a  higher  fraction  of  defects  than  in  H900  is 
expected  to  recover.  We  assigned  the  257  and  280  ps 
lifetimes  to  (Vc-Vsth  and  (Vc-VSi)3  clusters, 
respectively,  on  the  basis  of  calculations  using  the 
superimposed  atomic  model  [9]. 
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Measurement  Temperature  (K)  Measurement  temperature  (K) 


Fig.  2.  Temperature  dependence  of  the  positron  lifetime  para¬ 
meters  in  6H-SiC  implanted  with  a  proton  flucncc  of 
4x  1 0 1 6 cm  2 at  1  pm  and  annealed  at  900  C  (□)  and  1300  C 
(■)•  The  values  are  a  weighted  average  of  data  around  an 
incident  positron  energy  of  9keV.  probing  a  depth  range 
between  180  and  620 nm:  (a)  and  (e)  mean  lifetime,  (b)  and  (0 
intensity  of  the  longest  component,  (c)  and  (g)  its  lifetime  and 
finally  (d)  and  (h)  lifetime  of  the  shortest  component  for  H900 
and  HI 300  samples,  respectively.  The  solid  lines  arc  guides  to 
the  eye. 


The  x\{T)  values  (Fig.  2d  and  h)  are  longer  or  close  to 
the  lifetime  140  ps  in  6H-SiC  lattice  at  75  K  and  above 
200 K  in  H900  and  at  all  temperatures  in  HI 300.  It 
means  that  the  short  component  x\ (T)  is  due  to 
annihilations  in  a  mixing  of  vacancy-like  defects  and 
negative  ions.  The  160ps  lifetime  in  H900  corresponds 
to  neutral  vacancy-like  defects.  At  low  temperature,  the 
values  i|  indicate  that  the  negative  ions  become  active 
traps.  In  both  annealed  layers,  the  lifetimes  r? (E,  T)  are 
much  higher  than  the  value  243  +  lps  in  as-implanted 
6H-SiC(H)  (to  be  published).  This  increase  indicates 
that  the  size  of  the  vacancy  clusters  trapping  positrons 
increases  as  the  annealing  temperature  increases  from 
room  temperature  to  1300  C.  Assuming  that  the  243  ps 
clusters  cannot  diffuse,  the  growth  of  the  cluster  size 
implies  that,  during  annealing,  small  vacancy  clusters 
emit  mono-vacancies  to  the  benefit  of  bigger  clusters. 
We  propose  that,  during  the  vacancy  diffusion  induced 


by  cluster  reorganization,  mono-vacancies  get  trap  at 
nitrogen  atoms  due  to  the  high  nitrogen  concentration  in 
these  layers.  It  follows  that  the  positron  trapping  at  the 
vacancy-nitrogen  complex  can  give  arise  to  the  160ps 
lifetime. 

In  summary,  we  have  identified  two  negative  charge 
states  of  the  (Vc-Vsi)2  and  (V<— ' Vsi)^  clusters  that  we 
have  associated  to  the  257  and  280  ps  lifetime  by 
comparison  with  lifetimes  calculations.  We  proposed 
that  the  (Vc-VSl)3  cluster  has  a  ionization  level  0/-  near 
the  middle  of  the  band  gap.  We  associate  the  lifetimes  of 
160  ps  to  a  neutral  vacancy-like  complex  and  of  345  ps  to 
a  neutral  vacancy-cluster. 


References 

[1]  G.  Pcnsl,  W.J.  Choyke.  Physica  B  185  (1993)  264. 

[2]  M.O.  Aboclfotoh.  J.P.  Doyle,  Phys.  Rev.  B  59  (1999) 
10823. 

[3]  L.A.  de.  S.  Balona,  J.H.  Loubser.  J.  Phys.  C  3  (1970)  2344. 

[4]  H.  Itoh,  N.  Hayckawa,  I.  Nashiyama,  E.  Sakuma,  J.  Appl. 
Phys.  66  (1989)  4529. 

[5]  A.  Rempcl.  H.-E.  Schaefer,  Appl.  Phys.  A  61  (1995)  51. 

[6]  W.  Puff.  P.  Maschcr.  A.G.  Balogh,  H.  Baumann.  Mater. 
Sci.  Forum  258-63  (1997)  733. 

[7]  A.  Kawasuso,  H.  Itoh.  T.  Ohshima.  K.  Abe.  S.  Okada.  J. 
Appl.  Phys.  82  (1997)  3232. 

[8]  S.  Danncfacr,  Appl.  Phys.  A  61  (1995)  59. 

[9]  G.  Brauer,  W.  Anwand,  P.G.  Coleman.  A.P.  Knights,  F. 
Plazaola.  Y.  Picaud.  W.  Skorupa.  J.  Stormer.  P.  Willutzki. 
Phys.  Rev.  B  54  (1996)  3084. 

[10]  A.  Polity.  S.  Huth,  M.  Lausmann,  Phys.  Rev.  B  59  (1999) 
10603. 

[1 1]  C.C.  Ling,  A.H.  Deng.  S.  Fung.  C.D.  Beling.  Appl.  Phys. 
A  70  (2000)  33. 

[12]  N.  Achtziger,  J.  Grillcnberger.  W.  Witthuhn.  Appl.  Phys. 
Let.  73  (1998)  945. 

[13]  A.M.  StrePchuk,  A. A.  Lebedev.  V.V.  Kozlovski.  N.S. 
Savkina.  D.V.  Davydov.  V.V.  Solov'ev.  M.G.  Rastegaeva, 
Nuci.  Instrum.  Methods  B  147  (1999)  74. 

[14]  M.  Brucl.  Elcctr.  Lett.  31  (14)  (1995)  1201. 

[15]  L.  Di  Cioccio.  Y.  Le  Tiec,  C.  Jaussaud.  E.  Hugonnard- 
Gruycrc,  M.  Brucl.  Mater.  Sci.  Forum  264  (1998)  765. 

[16]  M.-F.  Barthc,  L.  Henry,  C.  Corbel,  G.  Blondiaux,  K. 
Saarinen.  P.  Hautojarvi.  E.  Hugonnard.  L.  Di  Cioccio,  F. 
Letcrtrc.  B.  Ghyselen,  Phys.  Rev.  B  62  (2000)  16638. 

[17]  W.  Baucr-Kugelmann,  Technische  Weiterentwicklungen 
am  gcpulsten  Positroncn-strahisystem  PLEPS.  Dr.  Ing. 
Thesis.  Univcrsitat  dcr  Bundeswehr  Miinchen.  2000. 

[18]  C.  Corbel,  P.  Hautojarvi,  in:  A.  Dupasquicr.  A.P.  Mills  Jr. 
(Eds.),  Positron  Spectroscopy  of  Solids.  IOS  Press, 
Amsterdam.  1995,  p.  533. 

[19]  E.  Soinincn,  J.  Makincn.  D.  Beyer,  P.  Hautojarvi.  Phys. 
Rev.  B  46  (1992)  13104. 

[20]  D.T.  Britton.  M.F.  Barthe.  C.  Corbel.  A.  Hempel, 
L.  Henry,  P.  Desgardin.  W.  Bauer-Kugelmann. 
G.  Kogcl.  P.  Sperr.  W.  Trifthauser,  App.  Phys.  Lett.  78 
(9)  (2001)  1234. 


ELSEVIER  Physica  B  308-310  (2001)  671-674  ■ 

www.elsevier.com/locate/physb 


Electron  paramagnetic  resonance  studies  of  a  carbon 
vacancy-related  defect  in  as-grown  4H-SiC 

V.V.  Konovalov21’*,  M.E.  Zvanuta,  V.F.  Tsvetkovb,  J.R.  Jennyb,  St.G.  Miillerb, 

H.McD.  Hobgoodb 

a  Physics  Department,  University  of  Alabama  at  Birmingham,  CH310,  Birmingham,  AL  35294-1170,  USA 

hCree  Inc.,  Durham,  NC  27703,  USA 


Abstract 

An  intrinsic  defect  (ID)  has  been  identified  in  as-grown  4H-SiC  by  electron  paramagnetic  resonance  (EPR).  The  EPR 
parameters  of  an  ID  measured  in  our  nominally  semi-insulating  material  are  similar  to  the  literature  data  of  the  EI5 
defect  produced  in  p-type  4H  and  6H-SiC  by  2.5  MeV  electrons  and  assigned  to  the  carbon  vacancy  (N.T.  Son,  P.N. 
Hai,  E.  Jansen,  Phys.  Rev.  B  63  (2000)  201201).  However,  comparison  of  the  ID  and  EI5  centers  reveals  that  the  as- 
grown  and  radiation-induced  centers  exhibit  different  annealing  behavior.  Photo-induced  EPR  locates  the  ID  level 
0.9  eV  above  the  valence  band  edge.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Hh;  61.72.Ji 

Keywords:  4H-SiC;  EPR;  Intrinsic  defect;  Carbon  vacancy 


1.  Introduction 

Deep  level  defects  are  known  to  control  the  con¬ 
ductivity  and  carrier  lifetime  in  semiconductors  [1-3]. 
For  example,  semi-insulating  4H-SiC  is  produced  by 
doping  with  amphoteric  vanadium,  which  provides  the 
donor  (Ey  -f~  1 .6  eV)  and  acceptor  (£'c-0.8eV)  levels 
[4,5].  Intrinsic  defects  (IDs)  produced  by  high  energy 
irradiation  or  during  the  crystal  growth  may  also 
influence  the  doping  efficiency  [6].  However,  many 
radiation-induced  defects  are  thermally  unstable  and 
anneal  at  200-800°C  [4, 5, 7,8].  Such  defects  may  not  be 
suitable  for  making  SiC  for  high  temperature  applica¬ 
tions.  On  the  other  hand,  defects  formed  during  a  1500- 
2200°C  growth  process  may  possess  the  natural  high 
temperature  stability. 

An  ID  in  high-purity  4H-SiC  has  been  detected  by 
electron  paramagnetic  resonance  (EPR)  [9].  The  EPR 
spectrum  is  similar  to  the  EI5  center  produced  by 
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2.5  MeV  electron  irradiation  of  p-type  4H  and  6H-SiC 
[10].  The  EI5  center  has  C3V  symmetry  and  was  assigned 
to  the  positively  charged  carbon  vacancy  (Vc)  with  an 
electron  spin  S  =  j.  Recently,  Cree  Inc.  announced  the 
production  of  high-quality  semi-insulating  4H-SiC 
without  using  vanadium,  and  it  is  possible  that  an  ID 
reported  in  Refs.  [9,10]  is  responsible  for  the  charge 
compensation  in  that  material  [11]. 

The  present  paper  reports  an  EPR  study  of  the  ID 
center  in  as-grown,  semi-insulating  4H-SiC.  The  paper 
focuses  on  a  comparison  of  the  ID  and  EI5  centers  and 
briefly  discusses  the  position  of  the  ID  level  in  the  SiC 
band  gap. 

2.  Results  and  discussion 

High-purity,  as-grown  (0001)  4H-SiC  wafers  grown 
by  the  seed  sublimation  method  and  provided  by  Cree 
Inc.  were  used  in  this  study.  The  samples  were 
0.35x3  x15  mm3  bars  cut  along  the  ( 1 1  0  0)  plane. 
The  EPR  spectra  were  recorded  using  a  Bruker  200 
spectrometer  (9.75  GHz)  equipped  with  an  Oxford  ESR 
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900  flow  cryostat.  The  reproducibility  of  the  EPR  signal 
amplitude  was  ±5%  and  the  error  in  the  (/-value 
determination  was  ±5x  10  \  When  measured  in  the 
dark,  we  can  distinguish  between  three  types  of  samples 
according  to  their  EPR  spectra:  (1)  nominally  n-type 
samples  exhibiting  only  the  N  donor  signal;  (2) 
nominally  p-type  material  exhibiting  only  the  shallow 
B  acceptor  signal  and  (3)  nominally  semi-insulating 
samples  exhibiting  only  the  anisotropic  ID  center.  The 
density  of  N  (B)  in  sample  set  1  (2)  was  10l4-10,5cm  \ 
Ail  samples  contain  a  3G  wade  isotropic  line  at  g  = 
2.003  which  is  similar  to  the  surface  damage  signal  [12]. 
Additional  support  for  the  surface  origin  of  this  line  was 
provided  by  a  1  h  850'C  anneal  in  air,  w'hich  reduced  the 
line  intensity  by  a  factor  of  3  but  did  not  affect  the  other 
EPR  signals.  Except  for  Mil  w'ith  concentration 
<10,3cm  \  none  of  the  other  common  impurities  such 
as  V,  Cr,  Ti,  etc.  [3,13]  w'ere  detected. 

Figs,  la  and  b  show'  the  dark  EPR  spectra  of  the  ID  at 
77  K  and  the  angular  dependence  of  the  zero-crossings 
upon  rotating  the  magnetic  field  in  the  (1  12  0)  plane. 
The  i?j|c*-axis  spectrum  consists  of  a  0.4  G  wide  central 
line  A,  a  smaller  line  B  and  6  pairs  of  satellite  lines. 
When  the  sample  is  rotated  from  the  position  0  —  0' 
(Z?||c-axis),  the  lines  2-2'  and  3-3'  split  into  3  and  2 
smaller  lines,  respectively,  with  intensities  approximately 
3  and  2  times  less  than  those  of  the  initial  lines  at  0  =  0\ 
The  A,  1-1'  and  2-2'  overall  line  intensities  do  not 
depend  on  the  angle  (taking  into  account  the  line 
splitting).  However,  the  intensities  of  the  5-5'  and  6-6' 
lines  are  reduced  at  0  >  25'  ,  which  suggests  an  aniso¬ 
tropic  line  width.  At  4K.  the  ID  spectrum  is  similar  to 
the  77  K  one,  but  lines  B  and  3-3'  disappear,  and  upon 
rotating  the  sample  line  A  splits  into  2  lines  at  90  and 
into  3  lines  at  intermediate  angles. 

The  measured  angular  dependence  of  the  ID-1 
spectrum  can  be  simulated  using  axial  g -  and  hyperfine 
(hf)  ,4 -tensors.  depending  on  the  angle  [14]: 

g  =  (gj  sin2  0  +  g]  cos2  0)]  ( 1 ) 

A  =  (A- j  sin2  0  +  A\  cos2  0)1  2,  (2) 

For  lines  A,  1-1 '  and  4-4',  relations  (1)  and  (2)  fit  the  g 
and  A  angular  dependencies  with  the  parameters 
presented  in  Table  1.  Unfortunately,  our  present 
samples  are  not  suitable  to  rotation  in  two  additional 
planes;  thus,  the  full  g~  and  hf-tensors  were  not 
determined.  We  plan  to  complete  that  study  in  the  near 
future. 

From  the  similarity  of  angular  dependence  and  their 
effective  (/-values.  1-1',  2-2',  5-5'  and  6-6'  lines  can  be 
assigned  to  the  hf  splitting  of  the  central  line  A  due  to 
the  nuclei  with  spin  I  =  \.  We  will  denote  this  set  of  lines 
as  ID-1  center.  Also,  the  similarity  of  the  (/-values 
suggests  that  the  4-4'  lines  are  associated  with  B  forming 
an  ID-2  center,  and  the  3-3'  pair  make-up  an  ID-3 


3440  3450  3460  3470  3480  3490  3500  3510 
(a)  Mamictic  field,  B  (G) 


3465  3470  3475  3480  3485 

(h)  Magnetic  field.  B  (G) 


Fig.  1.  (a)  The  upper  and  lower  frames  show  the  dark  EPR 
spectra  of  the  4H  SiC  obtained  at  77K  for  Z?||c-axis  and  Blc- 
axis.  respectively.  The  middle  frame  displays  the  angular 
dependence  of  the  zero-crossings  measured  for  rotation  of  the 
magnetic  field  ( B )  in  the  (112  0)  plane,  (b).  The  extended 
central  part  of  Fig.  la. 

center.  Individual  satellite  lines  of  the  ID-1  center  can  be 
assigned  to  the  magnetic  nuclei  using  the  line  intensities 
and  the  natural  abundance  of  magnetic  isotopes  29Si 
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Table  1 

The  EPR  parameters  of  the  ID  lines  in  4H-SiC  at  77  K.  For  each  pair  of  lines  x-x',  the  0-value  was  calculated  from  the  mid-field 
magnetic  field  position 

Lines 


A 

B 

1-1' 

2-2' 

3-3' 

4-4' 

5-5' 

6-6' 

8\\ 

2.00334 

2.0028 

2.0033 

2.0033 

2.0087 

2.00285 

2.00334 

2.00334 

g± 

2.00495 

— 

2.0050 

— 

— 

2.0048 

— 

— 

A\\  (G) 

— 

66.4 

39.74 

19.6 

8.08 

4.24 

2.78 

A±  (G) 

. 

— 

45.7 

42-52 

25-28 

6.4 

4.78 

2.84 

Center 

Model 

ID-1 

ID-2 

ID-1 

1  x  29Si 

ID-1 

3  x  29Si 

ID-3 

ID-2 

ID-1 

12  x  13C 

ID-1 

6  x  29Si 

(4.67%)  and  I3C  (1.11%).  The  pairs  1-1',  2-2',  5-5'  and 
6-6'  were  assigned  to  the  1  x  29Si,  3  x  29Si,  12  x  13C  and 
6  x  29Si  magnetic  nuclei,  respectively  (see  Table  1).  The 
lines  B  and  4-4'  form  a  triplet  which  can  be  assigned  to  a 
defect  interacting  with  an  I  =  1  nucleus  such  as 
nitrogen. 

The  EPR  parameters  for  the  ID-1  center  in  our  semi- 
insulating  4H-SiC  (see  Table  1)  coincide  with  para¬ 
meters  of  the  EI5  center  produced  by  2.5  MeV  electron 
irradiation  in  p-type  4H  and  6H-SiC  [10].  In  agreement 
with  the  model  presented  in  Ref.  [10],  our  assignment  of 
neighboring  atoms  corresponds  to  the  deformed  carbon 
vacancy  with  C3V  symmetry  with  1  unique  and  3 
equivalent  Si  nearest  neighbors  (NN).  In  addition,  we 
assigned  the  5-5'  and  6-6'  lines  not  reported  in  the 
earlier  work  to  12  C  and  6  Si  next  nearest  neighbors 
(NNN)  of  the  vacancy  (see  Fig.  2).  Non-equivalency  of 
the  4  NN  Si  atoms  may  result  from  a  Jahn-Teller 
distortion  of  the  charged  vacancy,  where  the  upper  Si 
atom  is  shifted  along  the  c-axis  (Fig.  2).  A  larger  hf 
splitting  on  the  unique  Si  atom  (66.4  G)  compared  to  the 
3  lower  plane  Si  atoms  (39.7  G)  suggests  that  more 
electron  spin  density  is  localized  in  the  upper  plane.  This 
would  explain  why  the  hf  splitting  of  the  Si  NNN  is  due 
to  only  6  atoms,  presumably  the  6  upper  plane  Si  atoms. 
When  the  angular  dependence  is  measured  at  4K,  the 
central  line  A  exhibits  splitting  not  apparent  at  77  K. 
The  behavior  suggests  that  the  electron  spin  density 
becomes  more  localized  at  lower  temperature.  The 
temperature  dependence  merits  further  investigation. 

Despite  the  similarity  of  their  EPR  spectra,  the  ID-1 
and  EI5  centers  exhibit  several  differences:  (1)  In  our 
work,  ID-1  is  seen  only  in  samples  which  do  not  exhibit 
a  B  or  N  signal  under  dark  conditions  (the  semi- 
insulating  samples),  while  EI5  is  observed  in  the  p-type 
irradiated  SiC.  (2)  The  ID-1  intensity  did  not  change 
after  the  850°C  anneal,  but  the  EI5  intensity  decreased 
at  least  several  times  by  500°C.  (3)  The  ID-1  can  be 
observed  between  4  and  300  K,  but  the  EI5  disappears 
below  25  K.  Detection  of  the  defect  in  our  semi- 
insulating  SiC  weakens  earlier  arguments  that  the  charge 
state  of  the  vacancy  is  positive  which  was  based  on  the 


Fig.  2.  A  schematic  of  a  carbon  vacancy  in  SiC.  The  Si  atoms 
are  are  indicated  by  black  circles  and  the  C  atoms  by  white 
circles. 


observation  of  the  EI5  in  p-type  material  [10].  Another 
possibility  for  a  carbon  vacancy  with  S  =  \  is  a  negative 
charge  state,  Vc.  The  different  annealing  behavior  could 
be  caused  by  the  presence  of  interstitial  carbon  trapped 
not  far  from  the  radiation-induced  carbon  vacancy, 
favoring  defect  annihilation  as  the  sample  is  heated.  The 
thermal  instability  observed  for  the  radiation-induced 
carbon  vacancy  above  500°C  suggests  that  material 
containing  this  defect  will  not  be  suitable  for  high 
temperature  applications.  Finally,  the  disappearance  of 
the  EI5  center  below  25  K  may  be  attributed  to  the 
presence  of  an  additional  level  close  to  the  vacancy  in 
irradiated  SiC.  Clearly,  our  data  demonstrates  signifi¬ 
cant  differences  between  the  as-grown  and  radiation- 
induced  vacancies  which  deserve  further  exploration. 

The  dependence  of  the  photo-induced  EPR  signals  on 
the  photon  energy  has  been  used  to  locate  the  energy 
level  of  the  ID-1  with  respect  to  the  band  edges  [15].  The 
illumination  with  sub-band  gap  light  (750-1 500  nm) 
quenched  the  ID-1  signal  and  produced  an  approxi¬ 
mately  equal  amount  of  shallow  paramagnetic  boron. 
Electrons  are  excited  from  the  valence  band  to  the  ID 
level  making  it  non-paramagnetic  and  the  hole  formed 
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in  the  valence  band  is  captured  by  a  B  acceptor  making 
it  paramagnetic.  A  model  based  on  the  photo-induced 
EPR  data  places  the  ID  defect  level  0.9  eV  above  the 
valence  band. 


3.  Conclusion 

Our  work  has  identified  an  intrinsic  defect  (ID-1)  in 
as-grown  nominally  semi-insulating  4H-SiC  with  EPR 
parameters  similar  to  the  El 5  center  found  by  others  in 
p-type  4H  and  6H-SiC  irradiated  with  2.5  MeV  elec¬ 
trons.  The  EI5  has  been  assigned  to  the  positively 
charged  carbon  vacancy,  V<- ,  with  electron  spin  S  =  \ 
[10].  Although  analysis  of  data  for  the  ID-1  is  in 
agreement  with  the  carbon  vacancy  model,  detection  of 
the  center  in  our  semi-insulating  material  makes  the 
charge  state  assignment  less  certain.  The  ID-1  and  EI5 
centers  demonstrate  different  thermal  annealing  beha¬ 
vior.  The  former  is  stable  until  at  least  850  C,  while  the 
latter  begins  to  anneal  below  500"C.  The  annealing  of 
the  EI5  may  be  caused  by  the  release  of  radiation- 
induced  interstitial  carbon  trapped  in  the  vicinity  of  the 
vacancy.  The  disappearance  of  the  EI5  center  below 
25  K,  in  contrast  to  the  persistence  of  the  ID  at  4K, 
suggests  the  presence  of  an  additional  level  close  to  the 
vacancy  in  irradiated  SiC.  Photo-induced  EPR  identified 
the  ID  defect  as  a  deep  level  0.9  eV  above  the  valence 
band  edge. 
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Abstract 

We  present  experimental  results  related  to  several  different  intrinsic  defects  that  in  different  ways  influence  the 
material  properties  and  are  therefore  technologically  important  defects.  This  includes  the  so-called  D1  defect  which  is 
created  after  irradiation  and  which  is  temperature  stable.  From  the  optical  measurements  we  were  able  to  identify  the 
D1  bound  exciton  as  an  isoelectronic  defect  bound  at  a  hole  attractive  pseudo-donor,  and  we  have  been  able  to  correlate 
this  to  the  electrically  observed  hole  trap  HS1  seen  in  minority  carrier  transient  spectroscopy  (MCTS).  Finally,  we 
describe  the  formation  and  properties  of  a  critical,  generated  defect  in  high  power  SiC  bipolar  devices.  It  is  identified  as 
a  stacking  fault  in  the  SiC  basal  plane.  It  can  be  seen  as  a  local  reduction  of  the  carrier  lifetime,  in  triangular  or 
rectangular  shape,  which  explains  the  enhanced  forward  voltage  drop  in  the  diodes.  The  entire  stacking  faults  are  also 
optically  active  as  can  be  seen  as  dark  triangles  and  rectangles  in  low  temperature  cathodo-luminescence,  and  the  fault 
and  their  bounding  partial  dislocations  are  seen  and  identified  using  synchrotron  topography.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  SiC;  Defects;  Stacking  faults 


1.  Introduction 

During  the  last  decade  silicon  carbide  has  attracted 
increasing  interest.  The  reason  for  this  is  that  SiC  has 
material  properties  which  makes  it  attractive  for  device 
applications.  This  includes  particularly  high  power 
devices,  high  frequency  devices  and  sensor  devices 
needed  to  operate  at  high  temperatures  or  in  harsh 
environments.  In  the  recent  years,  SiC  has  also  been 
important  as  substrate  material  for  the  growth  of 
epitaxial  nitride  structures. 

The  increasing  interest  in  SiC  was  related  to  the 
development  of  commercially  available  substrate  mate¬ 
rial,  first  conducting  substrates  in  the  6H  polytype  and 
later  the  4H  polytype  were  followed  by  semi-insulating 
substrates.  This  was  followed  by  the  development  of 
epitaxial  growth  techniques,  like  the  hot  wall  CVD 
technique  to  grow  thick  low  doped  layers  needed  for 
high  voltage  bipolar  components  and  thin  well  con- 
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trolled  n-  and  p-type  doped  layers  for  sensors  or 
MESFET  applications.  Currently,  one  of  the  main 
obstacles  for  SiC  devices  to  reach  a  larger  production 
scale  is  to  understand  and  to  control  the  residual  defects 
in  the  material. 

SiC  is  consequently  a  very  interesting  material  for 
defect  studies.  From  a  fundamental  point  of  view  the 
polytype  formation  provides  a  unique  possibility  of 
studying  the  same  defects  in  different  lattice  matrixes, 
where  the  large  and  indirect  bandgap  provides  narrow 
emission  lines  and  a  large  number  of  possible  bandgap 
states.  The  defects  are  also  of  large  applied  interest 
which  provides  further  motivation  for  detailed  defects 
studies. 

In  this  presentation,  we  will  describe  some  of  the  most 
interesting  and  important  defects  in  our  opinion,  both 
from  a  scientific  and  applied  point  of  view.  We  will  focus 
on  three  different  types  of  defects,  which  are  all  of 
intrinsic  nature.  The  first  are  the  intrinsic  defects  with 
associated  bound  excitons  in  the  near  bandgap  region. 
These  are  created  by  all  kinds  of  irradiation,  including 
ion-,  electron-,  neutron-  and  proton-irradiations,  but 
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can  sometimes  also  be  seen  in  as-grown  material.  The 
fact  that  some  of  those  are  temperature  stable  and  can 
be  produced  by  ion-implantation  makes  them  of  applied 
interest  since  they  will  remain  after  such  a  process  step 
and  influence  the  performance  of  the  device.  The  second 
type  of  intrinsic  defects  is  seen  by  absorption  and 
photoluminescence  in  semi-insulating  material  grown  by 
high  temperature  CVD  (HTCVD)."  This  material  has 
very  low  concentrations  of  Vanadium  which  is  the  usual 
dopant  in  semi-insulating  SiC,  and  it  is  believed  that 
these  yet  unidentified  deep  intrinsic  defects  are  giving  the 
HTCVD  material  its  semi-insulating  properties.  Finally, 
we  will  discuss  the  effect  of  intrinsic  structural  defects, 
such  as  dislocations  and  stacking  faults,  in  SiC. 

The  results  discussed  are  all  on  4H  SiC.  even  if  several 
of  the  defects  are  present  with  similar  properties  also  in 
the  other  polytypes.  All  material  is  grown  by  hot  wall 
CVD  or  high  temperature  CVD. 


2.  Near  bandgap  bound  excitons  at  intrinsic  defects 

The  low  temperature  near  bandgap  photolumines- 
cence  (PL)  emission  from  4H  epitaxial  SiC  layers  is 
normally  dominated  by  the  recombination  of  free 
excitons  (FE)  and  of  bound  excitons  (BE)  at  the  neutral 
nitrogen  donor,  and  in  the  case  of  p-type  or  compen¬ 
sated  material  of  excitons  bound  at  the  A1  acceptor. 
After  particle  irradiation,  with  ions,  electrons,  neutrons 
or  protons,  additional  emissions,  labeled  as  the  Ea 
spectra  [1],  appear  which  dominate  the  near  bandgap 
spectrum.  It  consists  of  about  40  sharp  no-phonons  lines 
at  energy  between  2.8  and  2.9  eV,  accompanied  by  a 
broad  phonon  assisted  structure,  as  shown  in  Fig.  1. 
Using  temperature  dependent  measurements,  photolu¬ 
minescence  excitation  spectroscopy  and  time  resolved 


Wavelength  (A) 


Fig.  1.  A  low  temperature  photolumincsccncc  spectra  of  4H 
SiC  showing  the  Ea  spectrum,  present  after  particle  irradiation. 


spectroscopy  [2]  the  lines  have  been  shown  to  come  in 
groups  of  two  to  four  lines,  with  one  ground  state  and 
several  excited  states,  giving  approximately  12  groups  of 
emissions.  The  time  resolved  measurements  have  shown 
that  the  decay  times  of  the  ground  state  emissions  are 
relatively  long  with  values  of  several  hundred  micro¬ 
seconds  at  low  temperatures.  The  decay  from  the  excited 
states  is  considerably  faster  with  decay  times  in  the  order 
of  a  few  microseconds.  The  fact  that  the  excited  states 
can  be  seen  at  low  temperatures  indicates  a  very  slow 
relaxation  process  down  to  the  ground  state.  The 
measured  decay  time  could  either  be  the  time  for  the 
relaxation  or  the  time  for  the  recombination  rate  of  the 
bound  excitons,  or  a  combination  of  both.  The  slow 
times  also  indicate  that  there  is  no  competing  Auger 
process  as  observed  for  the  donor  bound  and  acceptor 
bound  excitons.  The  bound  excitons  in  the  Ea  series  are 
therefore  believed  to  be  electron  hole  pairs  bound  at 
isoclectronic  defect  centers.  About  half  of  the  lines  can 
be  observed  after  low  energy  (200  keV)  electron  irradia¬ 
tion  that  is  below  the  displacement  energy  of  creating  Si 
vacancies  (225-250  keV)  [3]  and  no  Si  vacancy-related 
signal  is  either  seen  in  the  IR.  This  indicates  that  these 
lines  are  related  to  carbon  centers,  where  a  vacancy- 
interstitial  pair  could  be  a  good  candidate,  but  this 
remains  to  be  proven.  The  fact  that  the  high-energy  lines 
are  not  observed  after  low  energy  irradiation  indicates 
that  these  might  be  Si  related,  but  their  absence  could 
also  be  an  intensity  or  irradiation  dose  effect.  A  fact  is. 
however,  that  the  defects  anneal  at  different  tempera¬ 
tures  starting  from  750  C  and  are  completely  quenched 
at  1200  C. 

When  the  Ea  spectrum  disappears,  it  is  replaced  by 
the  emission  labeled  as  Dl,  Fig.  2.  This  is  not  seen 
directly  after  irradiation  but  is  sometimes  seen  as  a 
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Fig.  2.  A  photolumincsccncc  (PL)  and  photoluminescence 
excitation  (PLE)  spectra  of  4H  SiC  showing  the  Dl  spectrum, 
observed  after  particle  irradiation  and  high  temperature 
annealing. 
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residual  emission  in  as-grown  material.  The  D1  center  is 
stable  up  to  CVD  growth  temperatures  and  should  be 
considered  as  a  process  induced  defect  that  will  remain 
and  influence  any  device.  In  the  turn-over  range  between 
the  Ea  and  the  D1  spectrum,  i.e.  at  annealing 
temperatures  between  800°C  and  1200°C,  a  new  and 
so  far  not  further  studied  emission  is  observed  at  4340  A 

[4] .  The  D1  spectra  has  previously  been  studied  in  detail 
using  PL  [5,6],  PL  excitation,  temperature  dependent  PL 

[5] ,  time  resolved  PL  [5]  and  Zeeman  measurements  [6], 
and  recently  the  properties  and  the  electronic  structure 
have  been  studied  in  detail  [7].  The  PL  and  PLE 
spectrum  are  shown  in  Fig.  2.  The  ground  state  (LI)  has 
two  strong  excited  states  (Ml  and  HI).  A  series  of  lines 
is  observed  at  higher  energies.  The  final  states  of  the 
transitions  corresponding  to  these  lines  were  interpreted 
as  effective-mass-like  excited  electron  states  well  de¬ 
scribed  by  exciton  theory.  This  was  interpreted  as  the  D1 
defect  being  a  pseudo-donor,  where  the  defect  has  a 
neutral  state  in  the  bandgap,  which  contains  no  charge 
particles  but  still  has  a  hole  attractive  potential,  either 
from  the  electronegativity  difference  or  from  the  local 
strain  field.  Once  a  hole  is  bound  the  defect  is  positively 
charged  and  attracts  an  electron  via  Coulomb  interac¬ 
tion.  The  observed  BE  emission  from  the  D1  defect  is 
the  recombination  between  the  loosely  bound  electron 
and  the  strongly  localized  hole  at  the  defect.  At  higher 
temperatures,  the  electron  can  be  thermally  emitted  to 
the  conduction  band.  This  model  of  the  D1  BE  predicts 
an  energy  level  for  the  primarily  bound  hole  about 
0.35  eV  above  the  valence  band.  This  level,  denoted  as 
HS1,  has  recently  [8]  been  observed  using  minority 
carrier  transient  spectroscopy  (MCTS).  The  correlation 
between  the  D1  and  the  HS1  hole  trap  was  further 
shown  by  comparing  the  relative  PL  intensities  and  hole 
trap  concentrations  as  a  function  of  annealing  tempera¬ 
ture.  This  result  also  shows  that  the  D1  is  not  correlated 
with  the  Zl/2  electron  trap  seen  in  DLTS  as  was 
previously  assumed. 

All  characteristic  properties  of  the  D1  defect  are  also 
observed  for  the  BE  in  the  Ea  spectrum  and  for  the 
4340  A  BE,  and  it  is  also  very  natural  to  assume  that 
these  BEs  are  related  to  similar  isoelectronic  defects 
described  within  a  similar  pseudo-donor  model. 

None  of  the  above  described  BE  have  been  correlated 
with  the  defects  observed  by  ODMR  or  EPR,  and  their 
atomistic  structure  has  to  be  determined. 


3.  Deep  intrinsic  defects 

Another  important  defect  that  at  the  moment  is 
subject  to  an  extensive  study,  is  the  deep  probably 
intrinsic  defect  that  imparts  semi-insulating  properties  to 
SiC.  Generally,  semi-insulating  properties  can  be  ob¬ 
tained  by  introducing  vanadium,  but  in  our  high 


temperature  CVD  (HTCVD)  process  low  doped  and 
semi-insulating  material  can  be  obtained  without  the 
intentional  introduction  of  deep  defects.  The  origin  of 
the  residual  defects  causing  this  is  not  yet  fully  under¬ 
stood  but  the  presence  of  deeper  defect  states  has  been 
seen  using  FTIR  and  PL  spectroscopy. 

In  Fig.  3  an  FTIR  absorption  spectrum  of  an  as- 
grown  4H  SiC  sample  is  shown.  In  this  sample,  a  yet 
unidentified  defect  line  (UD1)  is  observed.  These  lines 
are  also  seen  in  HTCVD  grown  semi-insulating  6H  SiC 
and  sometimes  in  commercial  p-type  substrates.  The 
UD-1  center  consists  of  two  narrow  no-phonon  lines 
with  different  polarization  [9].  The  linewidth  of  UD1 
lines  is  less  than  0.5  me V,  which  is  typical  for  lumines¬ 
cence  lines  in  the  infrared  originating  from  deep  defects 
in  SiC.  In  other  samples,  some  weaker  additional  lines 
were  also  observed  [10]. 

The  UD1  defect  is  temperature  stable  for  annealing 
temperatures  up  to  1600°C,  HTCVD  material  showing 
this  line  has  very  good  semi-insulating  properties  with 
resistivities  above  10loDcm  measured  at  200°C.  The 
resistivity  does  not  change  after  high  temperature 
annealing. 

Using  the  HTCVD  technique  it  is  also  possible  to 
grow  crystals  where  the  Si  vacancy  is  the  dominating 
observable  defect.  Also,  these  samples  have  semi- 
insulating  properties  but  are  not  as  stable  after  high 
temperature  annealing  as  samples  with  the  UD1  defect 
dominating.  The  reduction  of  the  measured  resistivity 
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Fig.  3.  Infrared  absorption  measurement  of  semi-insulating 
HTVCD  grown  4H  SiC.  The  spectrum  was  recorded  at  low 
temperature  (10  K)  using  the  FT  technique. 
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after  1 600  C  annealing  corresponds  to  the  decrease  of 
the  Si  vacancy  signal.  However,  we  have  found  that  the 
Si  vacancy  does  not  have  the  same  annealing  behavior  in 
as-grown  material  as  in  irradiated  material.  In  our 
samples,  the  Siv  is  stable  at  800 ‘C,  a  temperature  where 
it  anneals  out  in  irradiated  samples.  A  reason  for  this 
could  be  that  the  disappearance  of  the  Siv  is  related  to 
the  diffusion  of  Si  interstitials  (Sfi).  In  irradiated 
material  these  species  are  created  in  an  equal  number, 
and  possibly,  at  a  very  close  distance  to  the  vacancies. 
When  the  interstitial  becomes  mobile  it  has  a  very  high 
possibility  to  annihilate  with  the  vacancy.  In  as-grown 
material  it  is,  however,  not  obvious  that  interstitials  are 
present  in  a  corresponding  number  to  the  vacancies, 
thus  the  annihilation  of  Siv  could  be  caused  by  a 
completely  different  mechanism. 


4.  Structural  defects 

Structural  defects  in  the  form  of  dislocations  and 
other  extended  defects  are  always  present  in  every 
semiconductor  material  except  Si.  There  is,  however, 
relatively  very  little  knowledge  about  the  electronic 
properties  and  influence  of  extended  defects.  In  SiC,  the 
so-called  micropipes  have  been  of  major  concern  for 
several  years.  These  are  open  hollow  core  screw 
dislocations  which  were  shown  to  be  detrimental  to 
device  operations.  In  recent  years,  the  micropipe  density 
could  be  considerably  reduced  and  they  are  now  no 
more  considered  as  a  serious  problem.  Attention  has 
instead  been  focused  on  other  dislocations,  and  their 
influence  has  for  example  been  seen  in  large  area  carrier 
lifetime  mappings  [10].  These  mappings  have  shown  a 
correlation  between  extended  defects  such  as  small  angle 
boundaries  and  screw  dislocations  with  measured 
minority  carrier  lifetime.  This  indicates  that  extended 
structural  defects  are  active  as  recombination  centers  in 
SiC. 


A  second  and  more  important  influence  of  structural 
defects  in  the  form  of  stacking  faults  has  recently  been 
shown.  In  this  case,  a  change  in  the  electrical  perfor¬ 
mance,  in  the  form  of  an  increase  of  the  forward  voltage 
drop,  of  bipolar  devices  was  observed  [11].  A  material 
study  showed  that  structural  defects  were  created  during 
the  device  operation  [12].  These  defects  were  identified  as 
stacking  faults  in  the  epitaxial  layer.  The  stacking  faults 
are  in  the  basal  plane  [000  1]  and  propagate  through  the 
entire  epitaxial  layer,  which  is  grown  on  an  8 7  off  angle 
from  the  basal  plane.  Since  a  typical  epitaxial  layer  is 
about  30  pm  thick  the  stacking  fault  has  a  height,  as  seen 
form  the  top,  of  about  250  pm,  and  typically  has  a 
triangular  shape.  This  is  macroscopically  observable 
with  different  techniques,  such  as  lifetime  mapping, 
cathodo-luminescence.  X-ray  topography  and  electro¬ 
luminescence.  Fig.  4b,  shows  a  panchromatic  CL  image 
over  the  area  where  a  diode  was  processed.  The  stacking 
faults  are  seen  as  darker  triangles  gradually  reduced 
towards  one  direction  corresponding  to  the  extension  of 
the  basal  plane  into  the  epitaxial  layer.  The  stacking 
faults  are  only  seen  on  diodes  stressed  with  a  high 
forward  current,  and  are  not  present  in  the  original 
epitaxial  layer. 

Stacking  faults  are  also  observed  and  identified  using 
synchrotron  white  beam  XRD  (SWBXT)  as  can  be  seen 
in  Fig  4b,  that  shows  the  same  diode  as  in  Fig  4a.  The 
boundaries  of  the  diodes  are  clearly  seen,  probably  due 
to  the  stress  introduced  between  the  p+  layer  and  the  n- 
base  layer.  White  dots  in  the  image  are  elementary  screw 
dislocations,  while  no  micro-pipes  are  observed  on  this 
image.  A  clear  correlation  between  the  structural  defects 
observed  with  SWBXT  and  the  optical  features  seen  in 
CL  can  be  seen  by  comparing  Fig.  4a  and  b. 

A  more  detailed  spectral  analysis  using  CL  and  PL 
shows  that  a  new  and  previously  not  reported  emission 
band  is  related  to  the  stacking  faults,  as  shown  in  Fig.  5. 
This  emission  is  observed  in  the  entire  stacking  fault 
area  and  increases  in  intensity  with  increasing  tempera¬ 
ture.  The  emission  has  an  intensity  maximum  at  about 


Fig.  4.  Panchromatic  cathodoluminescencc  image  (left)  of  stacking  faults  generated  in  bipolar  diodes.  SWBXT  image  (right)  of  the 
same  diode  showing  the  stacking  faults  as  dark  triangles.  The  white  spot  is  an  elementary  screw  dislocation. 


J.P.  Bergman  et  al.  /  Physica  B  308-310  (2001)  675-679 


679 


Photon  Wavelength 

Fig.  5.  PL  spectra  measured  at  different  temperatures  on  an 
epitaxial  layer  where  a  stacking  fault  has  been  identified  using 
CL  or  SWBXT.  The  emission  in  the  range  from  415  to  430  nm 
is  attributed  to  recombinations  at  the  stacking  fault. 


150K,  and  is  thermally  quenched  at  higher  temperatures 
with  an  activation  energy  of  280  meV. 

We  propose  that  the  stacking  fault  in  4H  SiC  gives  rise 
to  a  local  potential  fluctuation  corresponding  to  a 
reduction  of  the  bandgap.  This  potential  attracts  and 
binds  carriers  and  excitons  which  then  recombine  with 
phonon  participation  and  give  rise  to  the  observed 
emission.  Since  the  stacking  fault  has  a  two-dimensional 
extension  this  will  give  a  “quantum  well”  situation.  The 
temperature  quenching  of  the  emission  is  related  to  the 
thermal  escape  of  carriers  from  the  “well”. 

5.  Summary 

We  have  described  and  shown  the  properties  of 
several  types  of  intrinsic  defects  in  SiC.  These  defects 


are  interesting  both  from  a  fundamental  physics  point  of 
view  as  well  as  from  an  applied  point  of  view  since  they 
have  a  strong  influence  on  the  properties  of  the  material. 
Even  if  several  defects  are  observed,  there  is  very  little 
detailed  knowledge,  especially  on  the  atomistic  defect 
identification,  their  electronic  structure,  and  their 
influence  on  the  material  properties. 

The  importance  of  structural  extended  defects  such  as 
dislocations  and  stacking  faults  have  been  shown,  and 
the  study  and  further  understanding  of  such  defects  will 
be  of  high  priority  in  the  future. 
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Abstract 

High-field  pulsed  and  continuous-wave  electron  paramagnetic  resonance  (EPR)  techniques  at  95  GHz  have  been  used 
to  investigate  radiation  defects  in  neutron-irradiated  SiC.  In  the  temperature  range  between  1.2  and  300  K  three  types  of 
EPR  spectra  were  observed  in  4H-and  6H-SiC  crystals  that  are  attributed  to  the  neutral  silicon  vacancy,  the  negatively 
charged  silicon  vacancy,  and  the  carbon  vacancy.  In  the  EPR  spectra  of  Ks:;  in  4H-  and  6H-SiC  an  anisotropic  splitting 
of  the  EPR  lines  is  observed.  This  splitting  is  assumed  to  arise  from  small  differences  in  the  {/-tensor  of  the  quasi-cubic 
(k)  and  hexagonal  (//)  sites.  The  {/-factor  for  the  k  site  g(k)  is  found  to  be  isotropic  with  g(k)  =  2.0032  and  the  {/-factor 

of  the  //-site  is  found  to  be  slightly  anisotropic  with  g  (//)  =  g(k)  -  0.00004  and  g{{h)  =  g(k)  -  0.00002.  The  95  GHz 

EPR  spectra  at  1.4K  show  that  the  ground  state  of  Kjj  is  a  triplet  state.  Additional  9.5  GHz  EPR  experiments  reveal 

signals  that  are  attributed  to  the  carbon  vacancy  on  the  basis  of  the  observed  hyperfine  splitting.  The  results 

demonstrate  that  ^  and  Vc  are  dominant  defects  after  neutron  irradiation  of  SiC  to  doses  up  to  10l9cm“\  £.  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.80.Fe;  61.72.Ji 

Keywords:  SiC;  Vacancies;  EPR 


1.  Introduction 

The  primary  defects  that  can  be  produced  in  the 
binary  compound  SiC  are  vacancies,  interstitials  and 
antisites.  In  contrast  to  silicon  [1]  the  primary  defects  in 
SiC  seem  to  be  stable  at  and  even  far  above  room 
temperature.  The  principal  experimental  tools  for  the 
identification  and  study  of  the  defects  in  SiC  are  electron 
paramagnetic  resonance  (EPR)  and  optically  detected 
magnetic  resonance  (ODMR)  [2-15].  EPR  investigations 
have  revealed  two  charge  states  of  the  Si  vacancy  [5-7,9- 
12]  but  the  identification  of  carbon  vacancies  is  presently 
still  under  debate  [14,15].  In  addition  sophisticated  EPR 
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investigations  have  shown  the  existence  of  Si-related 
Frenkel  pairs  in  SiC  [13]. 

The  dominant  EPR  spectrum  with  a  {/-factor  g  — 
2.0032  that  can  be  observed  in  irradiated  4H-  and  6H- 
SiC  crystals  up  to  room  temperature  was  attributed  to 
the  negatively  charged  isolated  silicon  vacancy  V ^  with 
S  =  l  [5-7,9,12].  An  anisotropic  hyperfine  (hf)  structure 
caused  by  the  interaction  with  the  four  nearest-neighbor 
carbon  atoms  (the  first  shell)  and  an  almost  isotropic 
hyperfine  structure  caused  by  the  interaction  with  12 
next-nearest-neighbor  silicon  atoms  (the  second  shell) 
were  observed  in  the  EPR  spectra.  No  site  dependence 
was  detected  for  Ksi . 

The  second  type  of  EPR  spectra  that  was  observed  by 
several  groups  [4.8,10-12]  is  related  to  a  center  with  a 
triplet  state  ( S  =  1)  with  an  isotropic  g-factor  g  =  2.0032 
and  a  site-dependent  zero-field  splitting  parameter  D.  In 
Refs.  [8,10,1 1]  these  spectra  were  detected  by  ODMR  by 
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monitoring  the  zero-phonon  lines  (ZPL’s)  at  1.438  and 
1.352eV  in  4H-SiC  and  at  1.433,  1.398,  and  1.368  eV  in 
6H-SiC.  The  authors  of  [10,1 1]  were  the  first  to  attribute 
these  EPR  spectra  to  the  neutral  Si  vacancy  (Fj?j)  on  the 
basis  of  the  characteristic  hf  structure  with  the  12  Si 
atoms  of  the  second  shell  that  looked  similar  to  the  hf 
structure  for  the  negatively  charged  isolated  silicon 
vacancy  F<^.  The  assignment  of  the  triplet  EPR  and 
ODMR  spectra  to  the  various  sites  was  made  on  the 
assumption  that  the  hexagonal  site  experiences  a 
stronger  axial  crystal  field  than  in  the  quasi-cubic  sites. 
However,  it  remains  unclear  why  the  zero-field  splitting 
for  the  hexagonal  site  is  larger  in  the  6H  polytype  than 
in  the  4H  polytype  that  exhibits  a  larger  axial  crystal 
field.  In  addition,  the  order  of  the  ZPL  in  the  6H 
polytype,  with  the  ZPL  for  the  hexagonal  site  placed 
between  the  two  quasi-cubic  lines,  is  not  clear. 

In  the  case  of  the  negatively  charged  silicon  vacancy 
Kgf,  there  is  now  consensus  between  theory  and 
experiment  [5,6,9]  that  the  ground  state  corresponds  to 
the  high-spin  configuration.  In  the  case  of  the  neutral 
isolated  silicon  vacancy  F^  however,  there  exist  two 
opposite  points  of  view  that  support  respectively  a 
singlet  [4,10,11,16,17]  and  a  triplet  [12,18,19]  ground 
state.  In  particular,  the  theoretical  studies  predict  a  spin 
singlet  [16,17]  as  well  as  a  spin  triplet  [18,19]  for  the 
ground  state  of  F^.  This  raises  the  question  of  whether 
the  triplet  spectrum  observed  by  several  groups  belongs 
to  the  ground  state  or  a  thermally  populated  excited 
state. 

In  this  contribution,  we  present  the  results  of  a  series 
of  EPR  measurements  on  F^j  and  F^  in  neutron 
irradiated  4H-  and  6H-SiC  at  9  GHz  (X-band)  and  95 
GHz  (W-band)  at  temperatures  ranging  from  1.4  to 
300  K.  The  EPR  results  at  1 .4  K  show  that  the  ground 
state  of  Fgj  corresponds  to  a  triplet  state.  Further  the 
EPR  spectra  at  95  GHz  of  F^  in  4H-  and  6H-SiC 
confirm  that  the  spin  multiplicity  S  =  \  and  that  the 
signals  from  defects  in  the  different  sites  can  be  resolved 
even  for  this  system  with  a  ^-tensor  that  deviates  only 
slightly  from  that  of  a  free  electron. 


2.  Experimental 

The  samples  used  in  this  study  were  Lely  grown  /t-type 
4H-SiC  and  6H-SiC  crystals  with  concentrations  of 
uncompensated  nitrogen  in  the  range  of  1016-1017cm-3. 
These  samples  were  irradiated  at  room  temperature  with 
neutrons  with  doses  ranging  from  10 15  to  102Ocm-2.  The 
advantage  of  the  n-irradiated  samples  is  that  the 
irradiation  produces  a  homogeneous  distribution  of 
defects  in  the  sample.  EPR  measurements  were  per¬ 
formed  on  a  homemade  W-band  (95  GHz)  pulsed 
electron  spin  echo  (ESE)  spectrometer  over  a  tempera¬ 
ture  range  between  1 .4  and  300  K  [20]  and  on  a  Bruker 


X-band  (9.5  GHz)  and  W-band  (95  GHz)  continuous 
wave  (cw)  EPR  spectrometer.  The  samples  having  the 
shape  of  platelets  with  sizes  of  about  4  x  8  x  0.1  mm3  for 
X-band  and  0.4  x  0.8  x  0.1  mm3  for  W-band  were 
oriented  for  rotation  in  the  {11-20}  plane. 


3.  Results  and  discussion 

In  Fig.  1  the  angular  dependences  of  the  ESE  detected 
EPR  spectra  at  W-band  at  190  K  (a)  and  1 .4  K  (b)  of  the 
n-irradiated  4H-SiC  (1018cnT2)  sample  are  presented. 
The  experimental  spectra  are  only  shown  for  the 
orientation  with  the  magnetic  field  parallel  and  perpen¬ 
dicular  to  the  c-axis.  In  6H-SiC  similar  spectra  and 
angular  dependences  were  observed.  It  is  seen  that  the 
triplet  EPR  signals  are  very  strong.  Note  that  the  triplet 
EPR  lines  for  B0\\c  (Fig.  lb)  at  high  field  is  much 
stronger  than  at  low  field  (the  reverse  is  true  for  B0 1  c) 
as  a  result  of  the  high  spin  polarization  at  1.4  K  and 
95  GHz.  This  effect  allows  us  to  decide  that  the 


Vs*  S=3/2 


Bo’T 


Fig.  1.  Angular  dependences  of  the  95  GHz  EPR  spectra 
observed  in  n-irradiated  4H-SiC  (1018cm^2)  at  190  K  (a)  and 
1.4K  (b).  The  central  line  is  related  to  F^  whereas  the  outer, 
orientation-dependent  lines  are  caused  by  the  triplet  state  of 

K- 
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Z)-parameter  is  positive.  We  conclude,  especially  from 
the  results  at  1.4K  that  the  ground  state  of  F° 
corresponds  to  a  triplet  state. 

In  Fig.  2  the  cw  W-band  EPR  spectra  of  Ks-  are 
shown  as  observed  at  300  K  in  n-irradiated  4H-SiC 
00  cm  “)  with  the  magnetic  field  parallel  and  perpen¬ 
dicular  to  the  c-axis.  The  spin  multiplicity  of  V ^  was 
determinated  as  S  =  4  by  measuring  the  difference  in 
amplitude  of  two  2n/3  mw-pulses  needed  for  the 
maximum  echo  signals  of  (S  =  2)  and  (S  =  1). 
A  very  small  splitting  is  observed  that  is  more 
pronounced  with  the  magnetic  field  parallel  to  the  c- 
axis.  This  splitting  is  assumed  to  arise  from  the  small 
difference  of  the  (/-tensors  in  the  quasi-cubic  and 
hexagonal  sites.  The  anisotropy  of  the  (/-tensors  is  only 
of  the  order  of  10 "**'  but  becomes  visible  owing  to  the 
high  magnetic  field  of  3.4T  used  for  the  95 GHz  EPR 
measurements.  The  (/-tensor  for  the  k  site  is  found  to  be 
isotropic  with  g(k)  =  2.0032  and  the  (/-factor  of  the  h- 
site  is  found  to  be  slightly  anisotropic  with  (/,,(/;)- 
g{k)  =  0.00004  and  g  ±  (h)  —  g(k)  —  0.00002.  The  assign¬ 
ment  of  the  sites  is  based  on  the  expectation  that  a  defect 
at  an  hexagonal  site  experiences  a  stronger  axial  crystal 
field  than  a  defect  in  quasi-cubic  site.  To  derive  the  sign 
and  the  value  of  these  small  changes  in  position  of  the 
line  we  used  the  EPR  signal  of  the  Ksj  vacancy  in  n- 
irradiated  cubic  3C-SiC  as  a  (/-marker  because  in  this 
crystal  the  g-tensor  is  isotropic. 

In  Fig.  3,  we  present  the  cw  X-band  EPR  spectrum 
observed  at  40K  in  n-irradiated  4H-SiC  (I0,Kcm"2) 
with  the  magnetic  field  parallel  and  perpendicular  to  the 
c-axis  that  we  attribute  to  the  carbon  vacancy.  A  closer 
inspection  of  the  spectra  reveals  a  hf  structure  when  the 
magnetic  field  is  parallel  to  the  c-axis.  This  hf  structure 
can  be  explained  by  the  presence  of  a  set  of  four  Si 
atoms  in  the  first  neighbouring  shell  (one  non-equivalent 


Fig.  2.  CW  95  GHz  EPR  spectra  of  the  FSj  vacancy  observed  at 
300  K  in  n-irradiated  4H-SiC  (10,Kcm  2)  for  the  magnetic  field 
parallel  and  perpendicular  to  the  c-axis. 


B  ,  T 

0 

Fig.  3.  CW  9.5  GHz  EPR  spectra  observed  at  40  K  in  n- 
irradiated  4H-SiC  (10lxcm  ~)  with  the  magnetic  field  parallel 
(a)  and  perpendicular  (b)  to  the  c-axis.  The  centra!  EPR  line  of 
K  is  indicated  by  an  arrow. 


and  three  equivalent)  and  12  C  atoms  in  the  second  shell. 
With  the  magnetic  field  perpendicular  to  the  c-axis  the  hf 
structure  caused  by  the  Si  nuclei  in  the  first  shell  can  be 
recognized.  The  (/-tensor  and  hf  splitting  with  the  Si 
atoms  in  the  first  shell  are  identical  to  the  parameters 
obtained  by  Son  et  al.  and  Bratus’  et  al.  [14,15]  for 
electron-irradiated  SiC  crystals  that  were  attributed  to 
the  carbon  vacancy-related  defect.  The  small  linewidth 
allowed  us  to  study  in  more  detail  the  central  part  of 
the  spectrum.  An  additional  weaker  hf  structure  was 
observable  that  allowed  us  to  further  support  our 
assignment.  In  case  of  an  isolated  carbon  vacancy  the 
additional  hf  structure  is  expected  to  be  caused  by  the 
interaction  with  12  carbon  atoms  in  the  second  shell. 


4.  Conclusions 

Our  EPR  and  ESE  studies  show  that  VSi,  F”  and  Fc 
are  the  dominant  defects  in  SiC  generated  by  neutron 
irradiation  with  doses  up  to  10l9cm~\  For  the  Ft  defect 
it  could  not  be  decided  whether  this  defect  is  positively 
or  negatively  charged.  The  simultaneous  observation  of 
all  of  these  defects  show  that  the  positions  of  their 
energy  levels  are  close  and  all  lie  in  the  bandgap. 

The  95  GHz  EPR  results  at  1.4  K  prove  that  the 
ground  state  of  F£  correspond  to  a  spin  triplet  state. 
The  zero-field  splitting  parameter  is  found  to  be  positive. 

In  the  EPR  spectra  of  FSj  in  4H-  and  6H-SiC  a 
splitting  of  the  EPR  lines  is  observed  that  is  assumed  to 


P.G.  Baranov  et  al.  /  Physica  B  308-310  (2001)  680-683 


683 


arise  from  small  differences  in  the  g-tensor  of  this  defect 
in  the  quasi-cubic  and  hexagonal  sites.  Pulsed  EPR 
experiments  confirm  that  the  spin  multiplicity  of  is 
S  =  \  in  agreement  with  the  previous  ENDOR  measure¬ 
ments  [1]. 

The  EPR  parameters  of  Vc  are  identical  to  those  of 
Son  et  al.  and  Bratus’  et  al.  [14,15].  The  weak  hf 
structure  observed  on  the  central  line  could  be  explained 
as  arising  from  12  carbon  atoms  in  the  second  shell  and 
served  to  further  confirm  the  assignment  as  an  isolated 
carbon  vacancy. 
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Abstract 


Defects  in  SiC  films  and  bulk  crystals  are  detected  by  Raman  scattering.  It  is  found  that  the  observation  of  defect 
activated  transverse  optic  bands  at  a  Raman  forbidden  configuration  is  useful  for  the  detection  of  small  amount  of 
defects.  The  shape  of  the  defect  activated  Raman  band  is  discussed  in  relation  to  structures  of  the  defects,  f .  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Defects  in  crystals  occur  during  crystal  growth  and 
processing  of  the  device  fabrication.  The  defects  can  be 
examined  by  various  techniques,  such  as  X-ray  diffrac¬ 
tion,  electron  microscopy,  ion  beam  analyses,  optica! 
spectroscopy,  resonance  spectroscopy  in  magnetic  fields 
and  so  on.  The  optical  spectroscopies  have  widely  been 
used  for  characterization  of  defects,  because  it  is  a  non¬ 
destructive  method  and  no  contact  is  required.  Raman 
spectra  are  sensitive  to  the  phonon  properties,  which 
reflect  the  microscopic  structures  of  crystals,  and  have 
been  actively  used  to  obtain  information  on  the  nature 
and  microscopic  structure  of  defects.  In  the  present 
work,  we  have  tried  to  establish  a  Raman  scattering 
technique  for  sensitive  detection  of  defects  in  SiC 
crystals. 


2.  Defect  activated  Raman  scattering 

For  the  phonon  Raman  scattering  process,  the  wave 
vector  selection  (conservation)  rule  and  the  polarization 
selection  rule  hold  strictly  in  perfect  crystals.  The  former 
rule  restricts  the  wave  vector  of  the  phonons  detected  in 

♦Corresponding  author.  Fax:  +81-298-61-5434. 
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the  Raman  scattering  process  to  almost  zero  when 
visible  laser  light  is  used  as  an  excitation  source  [1,2]. 
This  is  a  reason  why  sharp  phonon  Raman  bands  are 
observed  nevertheless  there  are  a  number  of  phonons 
with  different  frequencies  and  wave  vectors  in  crystals. 
The  defects  produce  a  loss  of  the  periodicity,  reduction 
of  the  crystal  symmetry  and  a  topological  disorder  of 
crystals.  Therefore,  they  induce  a  breakdown  of  the 
selection  rules  for  the  wave  vector,  the  polarization  and 
a  reduction  of  the  phonon  lifetime.  For  SiC  crystals 
containing  stacking  faults  (stacking  errors),  which  are 
typical  defects  in  SiC  crystals,  the  partial  breakdown  of 
the  wave  vector  selection  rule  causes  the  activation  of 
phonon  modes  with  wave  vectors  different  from  q  =  0, 
and  thereby  gives  rise  to  an  asymmetric  band  shape  [3]. 
The  breakdown  of  the  polarization  selection  rule  causes 
the  appearance  of  Raman  bands  at  a  forbidden 
configuration,  and  the  reduction  of  the  phonon  lifetime 
due  to  the  defects  causes  a  broadening  of  phonon 
Raman  bands.  Accordingly,  one  can  characterize  defects 
using  Raman  parameters  as  bandwidth,  intensity, 
frequency  shift  and  polarization  properties  of  the 
Raman  bands. 

In  the  past,  the  Raman  study  of  defects  was  limited  to 
crystals  which  contain  a  high  density  of  defects  and 
impurities,  because  the  sensitivity  of  the  systems  for 
detection  of  defects  was  not  high  enough  and  also  the 
spectral  analysis  was  not  well  established  so  far. 
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However,  the  recent  development  in  multichannel 
detectors  has  enabled  us  to  detect  small  amounts  of 
defects  in  crystals.  More  recently,  an  attempt  to  analyze 
such  weak  defects  was  tried  for  6H-SiC  crystals  [4].  In 
the  present  work,  we  developed  a  Raman  scattering 
technique  for  sensitive  detection  of  defects  in  crystals 
and  applied  this  technique  to  SiC,  especially  3C-SiC 
having  a  zinc  blende  structure. 

3.  Detection  of  defects  in  30,  4H-  and  6H-SiC 

Samples  were  irradiated  by  laser  beams  (488  nm)  with 
a  power  level  of  200  mW  through  an  objective  lens  with 
a  numerical  aperture  of  0.45.  Scattered  light  was 
dispersed  using  a  triple  spectrometer  with  /  =  0.6  m 
and  then  detected  by  a  cooled  CCD  detector. 

We  observed  Raman  spectra  of  a  3C-SiC  film  at  the 
back  scattering  geometry  using  the  (001)  face.  The 
heteroepitaxial  films  used  in  this  experiment  were  grown 
on  Si  (00  1)  and  then  removed  from  the  substrate.  These 
films  contained  stacking  faults,  dislocations  and  anti¬ 
phase  boundaries  at  around  the  interface  of  SiC  and  Si. 
The  transverse  optic  (TO)  and  LO  modes  are  Raman 
forbidden  and  allowed,  respectively,  at  this  scattering 
geometry.  On  the  other  hand,  for  the  back  scattering 
geometry  using  the  (110)  surface,  the  TO  and  LO  bands 
are  Raman  active  and  forbidden,  respectively.  As  shown 
in  Fig.  1(a),  the  intensity  of  the  TO  band  is  very  weak  at 
this  forbidden  geometry,  being  a  percentage  of  the 
intensity  at  the  allowed  geometry.  We  obtained  TO 
signals  with  a  good  signal  noise  ratio  after  a  long 
exposure  to  the  CCD  detector.  As  shown  in  Fig.  1(b), 
the  TO  band  has  a  tail  at  the  low  frequency  side  for  the 
forbidden  configuration.  For  comparison,  we  show  also 
a  Raman  spectrum  of  the  TO  band  at  796  cm  1 
measured  for  the  (1  1  0)  cross  section.  The  shape  of  the 
forbidden  band  at  the  high  frequency  side  is  almost  the 
same  as  that  of  the  allowed  band.  This  result  indicates 
that  the  asymmetric  TO  band  observed  at  the  forbidden 
geometry  results  from  the  breakdown  of  the  wave  vector 
and  polarization  selection  rules  due  to  the  stacking 
faults.  At  some  places,  a  broadening  at  the  high 
frequency  side  is  found  for  the  forbidden  TO  band. 
This  fact  indicates  that  the  defects  and  the  stacking 
faults  accompanying  partial  dislocations  make  the 
phonon  lifetime  short  and  contribute  to  the  broadening 
of  the  phonon  Raman  bands. 

To  confirm  that  the  observed  TO  band  at  the 
forbidden  configuration  is  activated  by  defects,  we 
investigated  TO  bands  in  various  places  in  several  3C- 
SiC  heteroepitaxial  films  and  obtained  the  bandwidth  as 
a  function  of  the  intensity.  As  shown  in  Fig.  2,  there  is  a 
strong  correlation  between  the  band  width  and  intensity: 
The  band  width  increases  almost  linearly  with  increasing 
intensity. 


Fig.  1 .  (a)  Raman  spectrum  of  a  3C-SiC  film  taken  at  the  back 
scattering  geometry  and  (b)  the  spectrum  of  the  forbidden  TO 
band  obtained  by  long  time  exposure  of  the  CCD  detector.  The 
dashed  line  is  a  spectrum  measured  using  the  (1  1 0)  face. 


Fig.  2.  The  width  of  the  forbidden  TO  band  in  3C-SiC/Si  (0  01) 
is  plotted  versus  the  intensity  t  of  the  TO  band,  normalized  to 
the  LO  band. 

It  should  be  noted  that  the  phonon  polariton  mode, 
which  arises  from  reflected  light  from  the  back  surface  of 
the  thin  films,  prevents  observation  of  the  defect  induced 
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Fig.  3.  Raman  spectra  of  TO  bands  in  the  4H  polytype  crystals, 
containing  stacking  faults. 


and  is  called  FTO(O)  mode.  This  mode  is  forbidden  for 
the  back  scattering  geometry  using  the  (0001)  face. 
However,  the  FTO(O)  band  appears  weakly  for 
these  polytypes  containing  stacking  faults  as  shown 
in  Fig.  3,  where  the  result  for  the  4H  polytype  is  shown. 
The  appearance  of  the  FTO(O)  band  in  6H-SiCis 
considered  to  be  due  to  the  breakdown  of  the  wave 
vector  selection  rule  by  stacking  faults  as  interpreted 
in  Ref.  [4]. 
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Abstract 

Implants  of  Er,  A1  and  N  with  energies  ranging  from  120keV  to  2MeV  were  carried  out  in  n-  and  p-type  6H-SiC. 
The  aim  is  to  identify  electrically  active  defects  in  the  bandgap  which  can  be  associated  with  the  1.54pm  Er3" 
luminescence  in  6H-SiC.  Measurements  are  conducted  by  means  of  deep  level  transient  spectroscopy  (DLTS)  as  well  as 
low  temperature  photoluminescence  (LTPL).  In  n-type  6H-SiC  implanted  with  Er,  we  find  well  known  DLTS  damage 
levels  whereas  strong  characteristic  lines  of  Er3  +  ,  near  1.54  pm,  are  seen  in  the  photoluminescence.  In  p-type  6H-SiC 
implanted  with  Er  two  DLTS  peaks  can  be  uniquely  associated  with  the  Er3  +  ,  on  the  other  hand,  no  luminescence  is 
observed.  Conversion  of  such  p-type  6H-SiC  into  n-type,  by  nitrogen  implantation,  recovers  the  photoluminescence. 
We  conclude  that  the  Er-associated  defect  levels  in  the  lower  half  of  the  gap  are  likely  not  involved  in  the  energy  transfer 
mechanism  which  is  responsible  for  the  1.54  pm  luminescence.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

A  number  of  electrical  and  optical  experiments  on 
various  polytypes  of  SiC,  doped  with  Er,  by  means  of 
ion  implantation  or  during  growth  have  been  reported  in 
the  literature  [1-4].  It  is  the  purpose  of  this  report  to 
further  elucidate  the  nature  of  the  defect  centers  that  are 
believed  to  play  a  part  in  the  energy  transfer  process 
which  ultimately  leads  to  the  observed  Er3+  spectra. 
DLTS  and  LTPL  measurements  are  applied  to  n-  and 
p-type  6H-SiC  to  clarify  this  issue. 


2.  Experimental 

To  achieve  a  rectangular  Er  profile  to  a  depth  of 
0.4  pm,  we  conducted  a  sevenfold  Er3  + -implantation 
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with  integral  fluences  of  9  x  10 10  to  BxlO^cm 
resulting  in  a  mean  concentration  of  1.6  xlO16  to 
4xl0!7cm-3  as  calculated  by  the  TRIM  cascade 
program.  As  reference  element  for  the  implantation 
damage  Xe  was  implanted  in  corresponding  concentra¬ 
tions.  For  changing  the  conduction  type  from  p-  to  n- 
type,  nitrogen  implantations  were  performed  with  a 
resulting  average  concentration  of  3  x  1017cm-3.  Alu¬ 
minum  implants  were  used  to  influence  the  net  acceptor 
concentration  of  the  epilayers.  The  anneals  were 
performed  at  atmospheric  pressure  in  a  furnace  with  a 
closed  SiC  crucible  (1700°C  anneal)  under  argon 
ambient. 

Prior  to  the  preparation  of  Schottky  contacts,  a 
reactive  ion  etching  (RIE)  process  was  performed  to 
remove  the  surface  damage,  after  that  a  standard 
chemical  cleaning  of  the  sample  was  performed  using 
acetone,  aqua  regia  and  hydrofluoric  acid.  For  the 
DLTS  investigations,  Schottky  contacts  with  a  diameter 
of  1.0  mm  were  fabricated  by  evaporation  of  nickel. 
The  DLTS  spectra  were  taken  in  a  temperature  range  of 
1 00-700  K  with  a  digital  DLTS  system  (FT  1020  by 


092 1-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921  -  4526(0  1  )00869-9 


688 


O.  Klettke  et  al.  /  Physica  B  308  310  (2001)  687  690 


PhysTech).  For  the  figures  in  this  paper  a  double  box¬ 
car  correlation  was  chosen,  defining  the  temperature 
position  of  the  peaks.  The  net  donor  concentration  was 
determined  at  room  temperature  (/=  1  MHz)  by  the 
C—V  method. 


the  peak  height,  which  is  proportional  to  the  concentra¬ 
tion  of  the  defect,  scales  linearly  with  the  implanted 
Er  ’  dose.  A  five  time  higher  implanted  Er  concentra¬ 
tion  results  in  a  five  times  higher  peak.  The  same  is  true 
for  the  smaller  Er(p):  peak  at  370  K.  Thus  two  Er- 
related  deep  centers  are  detected  in  p-type  material. 


3.  Results 

DLTS  spectra  were  taken  on  n-type  and  p-type  6H- 
SiC  epilayers  which  were  implanted  with  different  Er*  * 
doses  (Table  1).  To  separate  implantation-induced 
defects  from  those  which  were  caused  by  Er-related 
levels  in  the  bandgap.  Xe  was  implanted  as  the  noble  gas 
with  an  atomic-mass  close  to  that  of  erbium.  After 
implantation  all  samples  were  annealed  in  the  same  way 
at  1700'C  for  30  min. 

Fig.  la  shows  the  DLTS  spectrum  of  a  n-type  sample 
implanted  with  Er3  (curve  2)  in  comparison  with  the 
same  material  implanted  with  the  electrically  inactive  Xe 
(curve  3)  and  the  non-implanted  epilayer  (curve  1).  In 
the  non-implanted  sample  no  electrically  active  defects 
could  be  found  in  the  upper  half  of  the  bandgap.  In 
contrast,  the  Er-implanted  as  well  as  the  Xe-implanted 
sample  show  three  pronounced  peaks.  The  temperature 
positions  and  the  calculated  activation  energies,  shown 
in  Table  2,  when  compared  with  reference  [5]  show  that 
these  defects  are  identical  to  the  well-known  intrinsic 
defects  ID6.  ID7  and  Z]/Z:.  No  Er-related  defect  level 
was  detected  in  n-type  material. 

On  the  other  hand  for  the  p-type  epilayers  (Fig.  lb) 
where  no  intrinsic  defects  have  been  observed  as  yet.  a 
strong  peak  at  330  K  named  Er(p)]  was  observed  in  the 
DLTS  spectrum.  This  peak  could  not  be  seen  in  the  non- 
implanted  epilayer  as  well  as  in  the  Xe-implanted 
sample.  This  is  a  strong  evidence  that  this  peak  is 
related  to  a  defect  center  caused  by  erbium.  More  over 
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Fig.  1.  (a)  DLTS  spectra  taken  on  n-type  6H-SiC  epilayers. 
Curve  1  is  a  none  implanted  epilayer.  (b)  DLTS  spectra  taken 
on  p-type  6H-SiC  epilayers.  Curve  1  is  a  none  implanted 
epilayer. 


Table  I 

Parameters  of  investigated  6H-SiC  epilayers 


Sample  No. 

Conductivity  type 
of  epilayer 

Doping  level  of 
epilayer  (cm  3) 

Implanted  elements  (cm  ■*) 

Er  Al 

Xe 

N 

01 

P 

3.4  x  1015 

_ 

__ 

12 
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1.6  x  1016 
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__ 
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8.0  x  1016 

— 

_ _ 
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Table  2 

Trap  parameters  of  defect  centers  observed  in  DLTS  spectra  of 
Er-implanted  6H-SiC  samples 


Defect 

Conductivity 

type 

Peak  temperature  (K)  Activation 
(/ ,  / 12  =  1 6/32  ms)  energy  (meV) 

id6 

n 

190 

414  +  15 

id7 

n 

220 

463  ±25 

z,/z2 

n 

300 

550  +  60 

KR!/KR2 

P 

170/180 

450+100 

Er(p)j 

P 

335 

789+25 

Er(p)2 

P 

365 

780  +  35 

An  interesting  feature  of  these  DLTS  measurements  is 
that  the  peaks  KRj/KR2  near  170  K  (Table  2)  appear  in 
the  Er-  as  well  as  in  the  Xe-implanted  samples  in  p-type 
material.  None  of  these  defects  have  been  published  in 
the  literature  to  our  knowledge. 

2,  77  and  295  K  photoluminescence  measurements 
were  taken  on  n-  and  p-type  epi-grown  6H-SiC 
implanted  with  various  fluences  of  Er  and  subsequently 
annealed  at  1700°C  for  30  minutes.  In  Fig.  2  (a),  we  have 
implanted  8  x  1016cm-3  Er  into  p-type  6H-SiC  and  no 
1.54  pm  4I13/2  to  4Ii5/2  transitions  (1.54  pm)  are  ob¬ 
served.  In  contrast  in  panel  (c)  of  this  figure,  we  have 
a  strong  1.54  pm  spectrum  despite  a  five-fold  reduction 
of  the  Er  fluence  and  using  twice  the  resolution  as 
in  panel  (a).  To  further  demonstrate  the  dependence 
on  the  n-  and  p-type  doping,  we  have  taken  an 
n-type  sample  implanted  with  the  same  fluence  as  in 
panel  (c)  and  further  implanted  it  with  Al  ions  to 
compensate  some  of  the  N  donors.  We  see  the  result 
in  panel  (b)  where  the  1.54  pm  spectrum  is  consider¬ 
ably  weaker  despite  using  a  lower  resolution  than  in 
panel  (c).  These  experiments  clearly  indicate  that  the 
Er3+  spectra  are  seen  in  n-type  and  not  in  p-type 
Er-implanted  6H-SiC. 


4.  Discussion 

Our  DLTS  measurements  on  n-  and  p-type  6H-SiC 
clearly  show  that  the  defect  levels  that  are  found  in 
Er-implanted  n-type  material  can  be  attributed  to 
well-known  defect  centers,  however,  in  Er  implanted 
p-type  material  two  DLTS  peaks  can  definitely  be 
associated  with  Er.  On  the  other  hand,  the  optical 
data  clearly  shows  that  the  Er3+  1.54  pm  spectra  in 
6H-SiC  are  confined  to  n-type  material.  A  model 
was  given  in  Ref.  [2]  which  proposed  that  the  excitation 
of  the  Er3+  4f  electrons  occurs  through  the  collapse 
of  an  exciton  at  an  Er-related  defect  in  the  upper 
half  of  the  gap.  Our  new  results  appear  to  require  a 
revision  of  this  model  in  so  far  that  the  defect  at  which 
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Fig.  2.  LTPL  signals  taken  at  77  K  of  Er-implanted  6H-SiC 
epilayers  with  different  doping  levels  and  conductivity  types. 


the  energy  transfer  to  the  4f  electrons  occurs  is  one  of 
the  well-known  damage  defects  rather  than  an 
Er-related  defect.  Whether  the  Er  defects  found  in 
the  lower  half  of  the  gap  (p-type  6H-SiC)  play  any  role 
in  the  energy  transport  to  the  4f  electrons  is  presently 
unknown. 
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Abstract 

Semi-insulating  (SI)  silicon  carbide  is  important  for  applications  in  high-power,  high-frequency  electronics,  such  as 
SiC  MESFETs  and  GaN  FETs.  In  this  work,  we  discuss  the  use  of  low-temperature  electron  paramagnetic  resonance 
(EPR),  room-  and  low-temperature  FTIR  and  photoluminescence  as  potential  screening  probes.  In  addition,  the 
improved  materials  quality  enhances  the  resolution  of  such  spectroscopic  measurements  to  better  understand  the 
material.  The  EPR  spectra  reveal  the  expected  V4+  as  well  as  the  shallow  boron  center,  suggesting  inhomogeneities  in 
the  B  and/or  V  distribution.  We  observe  significant  reduction  in  the  free-carrier  absorption  compared  with  n-type 
material  and  the  intra-3d-shell  E2-2T2  IR  absorption.  In  addition,  we  observe  an  N-related  gap  mode  which  may  serve 
as  a  quantitative  probe  of  the  N  content.  The  photoluminescence  from  the  V-doped  sample  exhibits  weak  donor-bound 
excitons  and  shows  a  broad  structured  band  near  3.0  eV  related  to  recombination  between  photoneutralized  N-donors 
and  photoneutralized  acceptors.  Published  by  Elsevier  Science  B.V. 

PACS:  71.55.Ht;  76.30.Lh;  78.30. Am;  78.55.Hx 

Keywords:  Silicon  carbide;  Semi-insulating;  EPR;  IR 


1.  Introduction 

Silicon  carbide  has  become  an  important  semicon¬ 
ductor  for  high  power,  high  frequency  and  high 
temperature  devices  [1,2]  and  4H-SiC  has  emerged  as 
the  superior  poly  type,  owing  to  a  wider  band  gap  and 
higher  mobilities.  Semi-insulating  (SI)  substrates  are 
required  for  a  number  of  these  applications  and,  as  with 
SI  GaAs  and  InP  in  which  optical  absorption  plays  an 
important  role  in  wafer  screening  [3],  contactless, 
nondestructive  methods  are  needed  to  select  acceptable 
wafers.  The  improved  materials  quality  (from  a  number 
of  different  growers)  has  opened  the  door  to  renewed 
application  of  spectroscopic  probes.  The  spectral  lines 
are  often  sharper  and  with  the  decrease  in  the  residual 
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defects  and  impurities,  additional  centers  become 
important  to  the  electronic  properties  of  the  materials. 
In  this  paper,  we  discuss  the  application  of  a  number  of 
spectroscopic  probes  to  these  materials  with  the  overall 
goal  of  developing  useful  contactless  screening  techni¬ 
ques  as  well  as  a  better  understanding  of  the  defects 
important  to  this  material. 


2.  Electron  paramagnetic  resonance 

The  electron  paramagnetic  resonance  (EPR)  measure¬ 
ments  were  all  performed  in  a  Bruker  9.5  GHz  spectro¬ 
meter,  typically  at  4-20  K.  The  signal  due  to  the  V4+  is 
seen  in  Fig.  1.  The  V5_r-V4  +  transition  occurs  near  mid¬ 
gap,  pinning  the  Fermi  level  there  [4].  As  has  been 
previously  reported  [4],  there  are  two  51 V  (7  =  7/2, 
100%  abundant)  hyperfine  split  octets  due  to  the  VSi  on 
the  cubic  and  hexagonal  sites,  as  indicated  in  Fig.  1. 
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Fig.  1 .  The  EPR  spectrum  of  the  V4 "  ion  in  the  SiC.  There  is 
no  indication  of  the  V3 ' ;  the  central  line  is  due  to  boron 
acceptors  that  are  discussed  in  the  text.  B  is  parallel  to  c. 


In  addition  to  the  expected  V4 "  signal,  we  observe  the 
shallow  boron  signal  in  this  sample,  as  seen  in  Fig.  2. 
This  is  unanticipated  because  the  electron  from  the  V4  ! 
is  expected  to  compensate  the  B  acceptors.  Considerable 
effort  was  applied  to  assure  that  the  sample  was  in 
thermal  equilibrium:  e.g..  the  sample  was  left  in  the  dark 
at  room  temperature  overnight  and  no  change  was 
observed  in  the  signal.  We,  therefore,  conclude  that 
there  are  nonuniform  regions  of  the  sample  where  the  V 
does  not  completely  compensate  the  B  and,  in  those 
regions,  the  Fermi  level  is  nearer  the  boron  acceptor 
level  (~300meV  above  the  valence  band)  rather  than 
near  the  mid-gap.  The  boron  spectrum  is  extremely 
sharp  and  this  presents  us  with  some  opportunities  to 
better  understand  this  center.  The  integrated  intensity  of 
the  boron  lines  on  the  cubic  site  is  almost  an  order  of 
magnitude  larger  than  that  for  the  hexagonal  site 
(particularly  apparent  for  Bj|c),  suggesting  that  the 
energy  level  of  the  cubic  site  is  deeper  than  that  of  the 
hexagonal  site.  This  is  in  general  agreement  with  the 
thinking  of  Evwaraye  et  al.  [5]  and  Duijin-Arnold  et  al. 
[6]  who  have  argued  that  the  hexagonal  site  is  the 
shallowest.  This  could  be  the  most  definitive  measure¬ 
ment  of  which  of  the  two  levels  is  deepest  since  the  EPR 
provides  a  fingerprint  and  an  intensity  measurement. 
However,  there  is  one  caveat.  In  some  SI  samples,  it 
does  appear  that  the  B  on  the  hexagonal  site  has  a 
stronger  signal.  Furthermore,  we  are  assuming  that  the 
B  occupies  the  cubic  and  hexagonal  sites  with  equal 
probability  and  it  may  be  that  under  certain  growth 
conditions  one  or  the  other  is  preferred.  Clearly, 
additional  careful  measurements  are  required  to  resolve 
this  apparent  contradiction. 

In  addition  to  the  two  sets  of  four  lines  (one  for  each 
site),  we  also  observe  a  number  of  weaker  lines  which  are 
not  commonly  observed  in  simple  EPR  for  isolated  B  in 


Fig.  2.  The  EPR  signal  of  the  shallow  B  acceptor  for  B 
perpendicular  (bottom)  and  B  parallel  (top)  to  the  c-axis.  The 
sharp  lines  to  the  right  in  the  upper  plot  and  to  the  left  in  the 
lower  one  are  due  to  the  hexagonal  site  while  the  other  structure 
is  due  to  the  cubic  site. 


the  SiC.  These  are  especially  apparent  for  the  hexagonal 
site.  Some  of  the  structures  between  the  !1B  hyperfine 
split  lines  may  be  due  to  hyperfine  splitting  due  to  the 
lf)B  (/  =  3,  20%  abundant  and  with  a  nuclear  moment 
about  f  that  of  the  1  'B)  and  positions  for  those  lines  are 
marked  in  Fig.  3.  The  superhyperfine  structure  from  the 
neighboring  2ySi  could  also  account  for  some  of  the 
structure.  We  also  note  that  the  lines  are  exceptionally 
sharp  (^  10pT)  and  so,  much  more  detail  is  observed  in 
conventional  EPR  than  has  typically  been  seen  and  the 
data  clearly  require  further  analysis. 


3.  Infrared  spectroscopy 

Near-infrared  studies  were  conducted  at  room  tem¬ 
perature  with  a  Bomem  MB-155  FTIR.  Samples  were 
wedged  to  minimize  interference  effects.  In  Fig.  4,  we 
compare  the  near-IR  transmission  for  an  SI  vanadium- 
doped  sample  with  an  n-type  sample.  We  observe  the  V 
E2-2T2  intra-3d-shell  IR  absorption  in  the  SI  sample 
(expanded  and  shown  in  the  dashed  ellipse  in  Fig.  4). 
This  is  a  signature  of  the  SI  vanadium-doped  material 
in  that  the  V  must  be  in  the  neutral  state.  This  is  not  seen 
in  the  n-type  sample,  where  the  absorption  is  dominated 
by  free-carrier  absorption.  The  free  carriers  absorb 
radiation  at  low-infrared  frequencies  (long  wavelengths). 
This  absorption  can  be  used  as  a  nondestructive 
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Fig.  3.  The  weak  multi-line  spectrum  of  the  shallow  B-center 
with  B  perpendicular  to  the  c-axis.  The  arrows  indicate  the 
positions  of  the  10B  hyperfine  structure. 


Fig.  4.  The  near-IR  absorption  spectra  for  a  V-doped  SI 
sample  and  an  n-type  sample.  The  dashed  line  is  a  fit  of 
the  free-carrier  absorption  with  «  =  lxl018cm-3  and 
/<  =  200cm2Vs.  The  intra-3d-transition  is  expanded  and  shown 
in  the  ellipse. 


measurement  of  carrier  concentration  of  conductive 
wafers.  The  sample  here  is  strongly  absorbing  below  the 
TO  phonon  frequency  (~  780  cm-1)  but  can  be  modeled 
above  the  TO  phonon  to  extract  an  indicated  carrier 
concentration  of  1  x  10 18  cm-3.  The  SI  wafers  are 
transparent  below  the  TO  phonon  frequency  and 
intermediate  resistivity  wafers  can  be  studied  below  the 
TO  phonon  frequency  to  extract  similar  information. 

Between  the  optical  and  acoustic  phonons,  we  observe 
a  localized  nitrogen  gap  mode  at  61 1  cm'1  as  shown  for 
two  4H  samples  in  Fig.  5.  This  study  was  carried  out 
near  4.2  K  with  a  Bomem  DA8  FTIR  and  again  the 
sample  was  wedged  to  minimize  interference.  The  one 
sample  has  a  relatively  high  nitrogen  concentration 
while  the  second  is  semi-insulating  with  over  an  order  of 
magnitude  less  nitrogen.  SIMS  measurements  are 
currently  under  way  to  further  quantify  this  technique 
that  could  provide  a  relatively  quick  nondestructive 
probe  of  the  N  content  in  a  wafer. 


4.  Photoluminescence  spectroscopy 

The  photoluminescence  (PL)  spectra  were  obtained 
with  samples  in  a  cryostat  at  6  K.  The  325  nm  line  of  a 
HeCd  laser  was  used  for  excitation  and  the  PL  was 
analyzed  by  a  0.85  m  double  spectrometer  and  detected 
with  a  UV-sensitive  photomultiplier.  The  low  tempera¬ 
ture  PL  spectrum  of  N-doped  4H-SiC  is  dominated 
by  recombination  processes  involving  N-donor-bound 


Wavenumber  (cm'1) 

Fig.  5.  The  IR  absorption  due  to  a  nitrogen  gap  mode  for  two 
samples.  The  ratio  of  intensities  indicates  a  factor  of  24 
difference  in  the  N  concentration. 
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Fig.  6.  A  comparison  of  the  PL  for  an  n-type  sample  (top)  and 
an  SI  V-doped  sample  (bottom). 

excitons.  The  samples  doped  with  V  show  a  considerable 
quenching  of  the  band  edge  emission  related  to  the  N- 
donors  as  shown  in  Fig.  6.  This  is  attributed  to  the  high 
degree  of  compensation  of  the  N-donors.  A  broad 
structured  emission  band  near  3.0  eV  is  also  found  in  the 
V-doped  sample.  This  PL  has  been  ascribed  to  a 
recombination  process  involving  photoneutralized  N- 
donors  and  photoneutralized  acceptors  [7].  Optically 
Detected  Magnetic  Resonance  experiments  are  under 
way  to  provide  more  detailed  information  on  the  nature 
of  this  PL. 


5.  Summary 

We  have  shown  that  we  can  apply  a  number  of 
spectroscopic  measurements  such  as  the  EPR.  FTIR  and 
PL  to  analyze  V-doped  4H-SiC  samples  and  define  their 


semi-insulating  character.  Notably,  the  observation  of 
an  EPR  signal  due  to  shallow  B  suggests  that  V  and/or  B 
are  not  uniformly  distributed  resulting  in  inhomogene¬ 
ities  in  the  Fermi  level  relative  to  the  valence  band.  In 
addition,  we  observe  super-hyperfine  structure  on  the 
boron  center  due  to  the  2ySi  and/or  51 V.  In  the  near  IR 
we  observe  the  V  E2-2T2  intra-3d-absorption  in  the  SI 
sample  and.  as  expected,  a  significant  decrease  in  free- 
carrier  absorption.  A  nitrogen  gap  mode  is  observed  and 
may  serve  as  a  measure  of  N  concentration.  In  V-doped 
samples,  the  excitonic  emission  is  quenched  and  a  broad 
PL  band  at  ~3eV  is  observed. 
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Abstract 

The  evolution  of  deep  levels  that  depend  upon  annealing  temperature  is  investigated  for  /?-type  6  H  SiC-Al  Schottky 
barriers.  Several  samples,  cut  from  the  same  wafer,  have  been  annealed  at  400°C,  600°C  and  800°C,  in  air,  while  on  one 
sample  no  annealing  has  been  done.  Deep  level  transient  spectroscopy  (DLTS)  has  been  used  to  investigate  deep  levels 
in  all  four  sets  of  samples.  The  results  show  that  only  electron  traps  can  be  detected  in  the  temperature  range  220^140  K. 
Defects  with  activation  energies  having  values  between  0. 12-0.37  eV  are  detected  by  DLTS.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

PACS:  73.20.Hb;  73.6 l.Ey;  73.40. Vz 

Keywords:  SiC;  Defects;  DLTS 


1.  Introduction 

Silicon  carbide  (SiC)-based  semiconductor  electronic 
devices  and  circuits  are  presently  being  developed  for  use 
in  high-temperature,  high-power,  and/or  high-radiation 
conditions  under  which  conventional  semiconductors 
cannot  adequately  perform.  Silicon  carbide  is  expected 
to  enable  significant  improvements  to  a  variety  of 
applications  and  systems,  such  as  high-voltage  switching 
[1-3]  and  powerful  microwave  electronics  for  radar  and 
communications  [4]. 

Due  to  the  fact  that  SiC  has  a  low  diffusion  coefficient 
of  the  impurities,  the  commonly  used  process  to  dope 
the  material  is  by  ion  implantation.  There  is  radiation 
damage  left  which  introduces  electrically  active  defects. 
For  example,  A1  implantation  in  6H-SiC  introduces 
both  deep  acceptor  ( Ej  =  E\  +  0.26  eV)  and  donor 
(Ej  =  EC-  0.44 eV)  states  [5,6]. 

Doping  the  material  with  A1  or  N  during  growth  is 
used  to  obtain  p-  and  n-type  material,  respectively, 
resulting  also  in  defect  creation.  One  of  the  resulting 
defects,  due  to  N  residing  at  the  C  lattice  site,  has 
activation  energies  in  the  range  0.08-0.1 50  eV  [7], 
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Other  defects  are  created  as  a  result  of  incorporation 
of  residual  impurities  present  in  the  growth  systems. 
Independent  of  the  polytype,  B  residing  at  a  Si  lattice 
site  forms  a  deep  level  at  approximately  £v  +  0.30eV, 
while  a  complex  of  one  B  atom  at  a  C  site  and  a 
neighboring  intrinsic  defect  such  as  VSj  and  Vc,  forms  a 
deep  level  (D  defect)  at  approximately  Ec~ 0.65  eV  [8,9]. 
Vanadium  forms  deep  levels  at  0.35,  0.7  eV  and  near 
midgap  in  4H-  and  6H-SiC  material  [10]. 

The  large  number  of  defects  investigated  by  numerous 
groups,  cited  above,  indicates  that  growth  conditions  as 
well  as  post-growth  processing  of  the  substrates  might 
play  an  important  role  in  the  creation  and  evolution  of 
the  deep  defects  in  SiC. 

The  material  used  in  this  study,  6H-SiC  acquired 
from  Cree  Corp.,  doped  with  A1  (p  =  3.6  x  1018cm-3) 
has  been  cut  in  four  pieces.  Three  of  these  have  been 
annealed  in  air  for  30  min  at  400°C,  600°C  and  800°C, 
respectively,  while  on  the  fourth  piece  no  heat  treatment 
has  been  applied.  After  annealing,  all  samples  have  been 
cleaned  in  HF;  deionized  water  (1:2)  for  5  min,  then 
rinsed  in  deionized  water  and  dried  in  inert  gas.  After 
cleaning,  the  samples  have  been  placed  in  a  standard 
Edwards  evaporator  system  for  A1  Schottky  contact 
deposition  through  masks  with  circular  dots  with 
diameters  of  0.5  mm.  On  each  sample,  12  dots  have 
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been  deposited  resulting  in  the  formation  of  12  Schottky 
barriers  (thickness  of  the  contact  400  nm).  Ohmic 
contacts  have  been  formed  by  evaporation  of  Al  on 
the  back  of  the  samples  (contact  thickness  of  approxi¬ 
mately  1000  nm). 

To  test  the  properties  of  the  Schottky  barriers  thus 
obtained,  current-volatage  measurements  (/—  V)  were 
performed  at  300  K  using  a  Keithley236  source  measure 
unit.  Capacitance-voltage  (C-V)  and  deep  level  tran¬ 
sient  spectroscopy  (DLTS)  measurements  were  per¬ 
formed  in  vacuum  at  a  pressure  of  1  x  10  3Torr  and 
at  a  frequency  of  1  MHz  using  a  SULA  Technologies 
DLTS.  DLTS  analysis  have  been  performed  for  several 
junctions  on  each  sample  in  the  temperature  range  220- 
440  K.  A  reverse  bias  of  3-5  V  was  applied  to  the 
junctions.  The  traps  were  filled  by  decreasing  the  bias  to 
0  V.  The  duration  of  the  filling  pulse  was  5  ms. 


2.  Results 

i-V  measurements  were  performed  for  each  barrier 
on  every  sample.  The  junctions  were  characterized  by 
ideality  factors  close  to  2,  and  leakage  currents  of  the 
order  of  2.0  x  10  K  A  cm  2  at  5  V  reverse  bias.  From 
C-  V  measurements,  values  for  the  built-in  voltages  of 
3.3  eV  and  ( 1.3-1. 4)  x  10lscm  3  for  the  carrier  concen¬ 
tration  were  obtained.  Within  the  depth  sampled  by  the 
spreading  charge  region.  200  nm  from  the  surface,  the 
free  carrier  concentration  remained  constant. 


220  240  26f>  280  300  320  340  360  3SO  400  420  440 

Temperature  (K) 


Fig.  1.  DLTS  for  p-type  SiC  annealed  at  600  C.  There  arc 
signatures  from  two  defects,  both  electron  traps.  One  trap 
cannot  be  followed  using  the  available  rate  windows  to  be  able 
to  extract  the  activation  energy. 
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Fig.  2.  Activation  energies  for  traps  in  p-type  SiC. 


An  example  of  DLTS  spectrum  on  a  sample  that  has 
been  annealed  at  600  C  is  shown  in  Fig.  1.  The 
activation  energy  was  determined  from  Arrhenius  plots 
for  all  defects  (using  a  temperature  independent  capture 
cross-section  approximation).  DLTS  results  for  all 
samples  are  shown  in  Fig.  2  and  are  listed  in  Table  1. 
It  has  been  seen  that  only  electron  traps  are  active  in  the 
temperature  range  investigated  and  that  more  than  one 
trap  is  present  for  all  samples.  For  one  trap  the 
activation  energy  could  not  be  extracted  because  a 
temperature  higher  than  could  possibly  be  used  was 
necessary,  as  seen  in  Fig.  1. 

For  the  sample  annealed  at  400  C  it  has  been 
observed  that  besides  the  trap  that  cannot  be  reached, 
depending  upon  the  rate  window  chosen,  there  are  two 
traps  that  occur  in  the  same  temperature  range,  with 
activation  energies  of  Ec  -  Ej  =  0.37  +  0.02  and 
(0.21  +0.02)  eV,  respectively.  Both  are  electronic  traps. 
All  traps  have  uniform  distribution  within  the  region  of 
the  bulk  sampled  (200  nm). 


3.  Discussion 

In  terms  of  /-  V  and  C~  V  measurements,  the  results 
are  similar  with  those  obtained  by  other  groups  on 
similar  samples  [11-13].  In  general,  for  SiC  is  not  trivial 
to  obtain  ideality  factors  close  to  unity.  The  process  in 
general  requires  extensive  cleaning  and  etching  of  the 
surface  oxides  [11,14]. 

The  defects  found  in  this  study  have  minority  carrier 
DLTS  signatures  and  are  therefore,  electron  traps.  Some 
defects  have  been  detected  by  other  groups,  for 
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As  grown 

400°C 

600°C 

800°C 

Name  and  activation  energy  (eV) 

PEI  0.12  +  0.2 

PE2  0.21+0.2 

PE3  0.37  +  0.2 

PE4  0.21  +  0.2 

PE5  0.33  +  0.2 

Concentration  (cm-3) 

PEI  (2-3)  x  1014 

PE2  (3-4)  1015 

PE3  (1-3)  x  1015 

PE4  (5-6)  x  10'4 

PE5  (1-1.5)  x  1015 

example,  the  PEI  defect,  which  is  close  to  the  LI 
electron  trap  found  by  Ballandovich  [15].  The  PE2 
and  PE4  defects,  present  in  the  samples  annealed  at 
400°C  and  600°C  are  probably  the  same  defect  with  an 
intrinsic  nature,  especially  since  after  annealing  at 
temperatures  higher  than  600°C  their  signature  is  no 
longer  present.  This  conclusion  is  further  supported  by 
the  fact  that  the  concentration  of  this  defect 
decreases  with  annealing  temperature,  from  (3- 
4)  x  10l5cm-3  at  400°C,  to  (5-6)  x  10HcnT3  at  600°C. 
It  is  known  that  simple  point  defects,  such  as  single 
vacancies  and  Frenkel  pairs  are  annealed  out  in  the 
range  100-750°C  [15]. 

The  PE3  and  PE5  defects  might  be  different 
defects,  especially  since  they  are  active  at  different 
temperatures.  A  defect  with  activation  energy  of 
iTc-0.32  eV,  has  been  detected  by  Kobayashi  et  al.  [16] 
as  well,  but  no  hypothesis  has  been  formulated 
regarding  its  nature  [16].  Vanadium  impurities  are  found 
to  introduce  defects  with  activation  energy  of 
Ec  -  Ey  =  0.35  eV  [10].  Either  PE3  and  PE5  might  be 
related  to  such  residual  V  impurities.  Another  hypoth¬ 
esis  regarding  these  two  defects  is  that  they  could  be 
related  to  deep  center  observed  by  Zhang  et  al.  [17], 
which  showed  that  actually  there  are  two  centers,  and 
that  it  is  difficult  to  resolve  the  energy  position  of  these 
centers  when  recording  DLTS  spectra.  Based  on  data  in 
which  T1  corrections  were  used,  the  activation  energy 
was  calculated  to  be  0.35-0.39  eV  [15].  In  these  condi¬ 
tions,  both  PE3  and  PE5  might  be  related  to  these 
centers. 

One  defect  that  appears  at  higher  temperatures  could 
not  be  reached  with  the  experimental  apparatus  and 
samples.  This  could  be  a  defect  with  activation  energy 
>  1  eV  below  the  conduction  band.  Such  defects  have 
been  observed  by  Kobayashi  et  al.  [16].  The  fact  that  no 
other  defects  have  been  detected  in  this  temperature 
range  could  be  a  consequence  of  their  concentration 
being  below  the  detection  limit  of  our  apparatus. 

In  conclusion,  defects  in  p-type  6H-SiC  samples  have 
been  investigated  and  results  displayed  in  Table  1. 
Several  defects  were  found,  depending  upon  the  anneal¬ 
ing  temperature  of  the  sample.  From  carrier  concentra¬ 
tion  and  activation  energy,  some  of  the  defects  have 
been  tentatively  associated  with  defects  published  in 
literature. 
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Abstract 

Several  samples  of  semi-insulating  (s.-i.)  4H-SiC  have  been  studied  by  Electron  Paramagnetic  Resonance  (EPR)  at 
37  GHz  and  by  photoluminescence  (PL).  One  set  of  samples  revealed  EPR  spectra  of  vanadium.  The  signs  of  fine 
structure  constants  D  were  determined,  at  4.2  K,  to  be  positive.  In  the  second  set  of  samples  the  EPR  signals  from 
nitrogen,  boron  and  a  deep  center,  P,  with  </„  -  2.0048  and  g x  =  2.0030  appeared  in  the  EPR  spectrum  after  photo 
excitation  of  the  sample.  The  P  center  is  postulated  to  be  the  deep  donor  reported  previously  to  be  a  dominant  center  in 
s.-i.  4H-SiC.  Intercenter  charge  transfer  processes  between  nitrogen  and  the  P  center  are  shown  to  be  very  efficient.  Both 
sets  of  samples  revealed  the  well  known  vanadium  intracenter  PL  emission  lines  near  0.95  eV.  In  addition,  a  broad  band 
located  at  2.43  eV  along  with  sharp  near-band-edge  luminescence  lines  has  been  observed  for  the  samples  containing 
large  amounts  of  vanadium  and  at  2.38  eV  with  a  shoulder  at  2.14eV  in  the  samples  with  low  levels  of  vanadium" 
C  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

There  is  currently  interest  in  deep  levels  in  SiC  for  the 
production  of  semi-insulating  (s.-i.)  substrates  for 
microwave  devices.  Although  considerable  progress 
has  been  made  in  the  technology  of  s.-i.  SiC  material, 
information  on  the  dominant  recombination  centers, 
including  their  nature,  energy  levels  and  influence  on  the 
s.-i.  properties  of  SiC,  is  limited.  Mitchel  et  a).  [1]  have 
demonstrated  that,  in  addition  to  vanadium,  another 
level  at  Ec~  1.1  eV  may  dominate  some  s.-i.  material. 
This  level  must  be  taken  into  consideration  as  lifetime 
limiting  recombination  center  as  well  as  a  deep  level 
responsible  for  the  s.-i.  feature  of  this  material. 

2.  Experimental 

To  investigate  the  deep  levels  in  SiC,  two  sets  of 
s.-i.  4H  samples  have  been  studied  by  photo  EPR 


*Corresponding  author.  Fax;  +380-44-243-48-93. 
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and  photoluminescence  (PL).  Photo  EPR  measure¬ 
ments  using  photo  excitation  and  photo  quenching 
techniques  are  a  good  method  for  determining  the 
charge  state  of  impurities  and  defects.  Also,  conclu¬ 
sions  about  the  level  positions  in  the  band  gap  of  the 
defects  and  impurities,  and  on  charge  exchange  pro¬ 
cesses.  can  be  obtained.  Photoluminescence  provides 
further  information  on  the  electronic  levels  present 
in  the  material  through  the  recombination  of  free 
carriers. 

The  samples  were  bulk  semi-insulating  4H-SiC  grown 
by  physical  vapor  transport.  The  first  set  had  high 
vanadium  concentrations  as  determined  by  SIMS 
(>10l7cm~3)  while  the  second  set  had  a  smaller 
concentration  (<10ir,cm  3). 

EPR  measurements  were  performed  on  Q-band  EPR 
spectrometer.  The  photo  excitation  and  quenching 
experiments  were  performed  using  a  250  W  high- 
pressure  mercury  vapor  lamp  and  a  100W  halogen 
lamp  combined  with  interference  filters  and  a  prismatic 
monochromator  for  a  wavelength  range  of  380- 
1000  nm. 
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3.  Results 

Prior  to  illumination,  the  first  set  of  samples  revealed 
the  EPR  spectra  of  vanadium  in  the  V3  +  (3d2)  charge 
state  (5=1,  7  =  7/2)  from  the  cubic  and  hexagonal 
sites  in  the  temperature  interval  from  4.2  to  77  K.  The 
two  hyperfine  octets  arising  from  cubic  site  V  taken  at 
4.2 K  and  37  GHz  for  H\\c  are  shown  in  Fig.  1.  The 
parameters  of  the  spin  Hamiltonian  obtained  from  an 
analysis  of  the  angular  dependence  of  the  EPR  spectra 
for  a  rotation  of  the  magnetic  field  in  the  (1  12  0)  plane, 
listed  in  Table  1,  are  very  similar  to  those  obtained  in 
Ref.  [2]  at  9  GHz.  The  signs  of  the  fine  structure 
parameters  D  were  determined  to  be  positive  for  the  two 
V  spectra  from  the  difference  in  the  intensity  of  the  low 
and  high  field  resonance  transitions  which,  as  seen  in 
Fig.  1,  are  enhanced  by  raising  the  frequency  and 
lowering  the  temperature  to  4.2  K. 

After  illumination  with  above-band-gap  UV  light, 
two  lines  at  =  2.0019  and  g ||  =  2.0063  appeared  in  the 
EPR  spectrum.  These  lines  are  due  to  the  boron 
acceptor  on  hexagonal  and  cubic  sites  [3].  At  the  same 


Magnetic  Field,  G 

Fig.  1.  Vanadium  V3  +  (3d2)  EPR  spectrum  in  s.-i.  4H-SiC 
measured  at  T  =  4.2K,  37  GHz  and  H\\c.  The  two  hyperfine 
octets  belong  to  the  V3+(3d2)  cubic  site.  The  energy  level 
scheme  for  a  triplet  system  in  a  static  magnetic  field  is  shown  for 
D  >  0. 


Table  1 

Parameters  of  vanadium  V3  +  (3d2)  EPR  spectra  in  4H-SiC, 
measured  at  4.2  K  and  37  GHz 


7h 

7k 

g\\ 

1.962  ±0.008 

1.959±0.005 

g± 

1.958  ±0.008 

1-958  ±0.005 

D  (GHz) 

10.5±0.1 

2.65±0.05 

A±  (G) 

63.0  ±1.0 

64.0  ±1.0 

Ai  (G) 

68  ±  1.5 

65  ±  1.5 

time,  the  vanadium  spectrum  itself  does  not  change  with 
illumination. 

In  the  dark,  the  second  set  of  samples  showed  only  a 
weak  cubic  site  boron  EPR  signal  without  the  vanadium 
lines.  Excitation  of  the  sample  with  UV  light  resulted  in 
the  neutralization  of  the  shallow  donors  and  acceptors 
and  as  a  result  the  EPR  signals  from  nitrogen  and  boron 
appeared.  Fig.  2  shows  the  EPR  spectrum  measured  at 
37  GHz  and  77  K  during  illumination  with  UV  light. 
The  spectrum  consists  of  two  lines  with  unresolved 
hyperfine  structure  due  to  the  two  inequivalent  sites  of 
shallow  boron,  7®  with  g L  =  2.0046  and  7®  with  gL  = 
2.0070  corresponding  to  the  two  inequivalent  sites, 
which  have  C3V  symmetry  at  temperatures  higher  than 
50  K  [3]  and  cubic  site  nitrogen,  1^  which  is  easily 
recognized  by  the  characteristic  three  line  hyperfine 
pattern  and  g±  =  2.0013  [4]. 

After  the  UV  light  was  turned  off,  the  hexagonal  and 
cubic  boron  resonances  decreased  slowly  to  about  0.4 
and  0.7  of  their  values  under  illumination,  respectively. 
The  nitrogen  EPR  lines  decayed  to  about  0.07  of  their 
value  under  illumination  after  21  h  in  the  dark.  At  the 
same  time,  as  was  seen  in  Fig.  2b,  a  new  single  line, 
labeled  7P,  with  5  =  1/2,  and  =  2.0048,  gL  =  2.0030 
appeared  in  the  EPR  spectrum.  The  intensities  of  the 
photo-induced  EPR  signals  indicate  that  the  lifetimes  of 
electrons  and  holes  at  T  =  77  K  are  very  long  and  that 
the  recombination  rate  of  the  photo-excited  carriers  is 


Fig.  2.  Photoresponse  of  EPR  spectra  in  s.-i.  4H-SiC  measured 
at  77 K  and  HLc.  (a)  UV  light  excitation;  (b)  spectra  21  h  after 
UV  illumination;  (c)  visible  light  excitation;  (d):  UV  quenching 
of  visible  light  induced  signal. 
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very  small.  The  nitrogen  and  boron  resonances  can  be 
quenched  by  shining  below-band-gap  light  of  various 
wavelengths  on  the  sample.  The  time  dependence  of  the 
decay  of  the  nitrogen  resonance  line  for  four  different 
quenching  photon  energies  is  plotted  in  Fig.  3.  This 
figure  shows  that  a  substantial  enhancement  of  the 
recombination  rate  of  the  photo-created  carriers  starts 
at  about  A£q  =  2.36  eV,  which  corresponds  to  the 
energetic  distance  of  the  deep  donor  level  from  the 
valence  band:  £g  =  A£q  4-  A£ih .  ^ 2.36 eV  + 0.9 eV^ 
3.26 eV.  Starting  from  2.36  eV  the  number  of  the 
electrons  released  from  nitrogen  increase  and  hence  the 
donor-acceptor  recombination  process  becomes  more 
efficient.  During  quenching,  the  /P  line  first  appears 
when  the  intensity  of  the  nitrogen  EPR  line  decays  to 
about  0.3  of  its  light-on  value,  independent  of  the  energy 
of  the  quenching  light.  This  indicates  that  the  release  of 
electrons  from  nitrogen  is  responsible  for  the  appearance 
of  the  P  center  in  the  quenched  EPR  spectra. 

The  Ip  line  also  appeared  in  the  EPR  spectrum  after 
direct  excitation  with  below-band-gap  light  as  shown  in 
Fig.  2c.  When  the  below-band-gap  light  was  turned  off, 
Ip  and  the  boron  lines  persisted  for  more  than  14  h 
without  a  noticeable  change  in  intensity,  showing  that 
no  recombination  processes  occurred  between  the  P 
center  and  boron.  Subsequent  illumination  of  the  sample 
with  UV  light  quenched  the  P  center,  restored  the 
nitrogen  EPR  spectrum  and  enhanced  the  boron  line  to 


Time,  sec 


Fig.  3.  Time  dependence  of  the  decay  and  rise  of  the  nitrogen 
(A)  and  P  center  (B)  EPR  resonance  lines  for  four  different 
quenching  photon  energies. 


Fig.  4.  PL  spectra  for  two  4H-SSC  samples.  Sample  A  contains 
vanadium  while  V  is  undetectable  by  SIMS  in  sample  B.  The 
feature  labeled  figure  caption  is  an  artifact  due  to  a  change  in 
filters  during  the  experiment. 

its  maximum  intensity,  as  seen  in  Fig.  2d.  The  rise  and 
decay  times  of  the  intensity  of  the  EPR  signals  of 
nitrogen,  boron  and  the  P  center  were  found  to  depend 
on  the  intensity  of  the  irradiating  UV  light.  Under  low 
intensity  UV  illumination  the  nitrogen  and  boron  EPR 
lines  increased  slowly  to  their  maximum  values  ap¬ 
proximately  for  1 5  min  while  the  Ip  line  completely 
vanished  for  this  time,  showing  a  correlation  between 
the  rise  and  decay  of  the  EPR  signals  of  nitrogen  and 
the  P  center. 

In  the  PL  experiments,  both  sets  of  samples  revealed 
spectra  in  the  0.95  eV  region  from  the  intra-3d-shell 
transitions  of  vanadium  which  show  the  polytype  to  be 
4H  [2].  In  addition,  as  shown  in  Fig.  4,  a  broad  band 
near  2.4 eV  has  been  observed  along  with  the  typical 
near-band-edge  sharp  luminescence  lines.  For  the  first 
set  of  samples,  which  contains  higher  concentrations  of 
V,  the  peak  position  of  the  2.4 eV  band  is  located  at 
2.43  eV.  For  the  sample  in  which  SIMS  was  unable  to 
detect  V,  the  peak  shifts  to  2.38  with  a  shoulder  at 
2.10eV. 


4.  Discussion 

The  excitation  and  quenching  spectra  of  the  nitrogen 
and  boron  EPR  signals  may  be  explained  by  a 
recombination  process  between  nitrogen  and  boron  that 
involves  the  P  center.  The  P  center,  observed  only  in  the 
second  set  of  samples  after  illumination,  is  suggested  to 
be  a  donor  due  to  the  sense  of  the  g- anisotropy  (i.e. 
9\ which  coincides  with  that  found  for  donor 
paramagnetic  centers  in  SiC.  Since  the  P  center  showed  a 
slight  anisotropy  (Acj  =  1.8  x  103)  compared  to  that 
for  nitrogen  (A g  =  4.5  x  10”3)  it  was  concluded  that  the 
P  center  should  have  an  energy  level  deeper  than 
nitrogen  [4]. 
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The  excitation  and  quenching  EPR  spectra  can  be 
understood  as  due  to  two  competing  processes.  One  is 
the  recombination  process  between  nitrogen  and  boron 
and  second  is  the  charge  transfer  process  occurring 
between  shallow  nitrogen  and  deep  donors  resulting  in 
the  appearance  and  subsequent  disappearance  of  /p  in 
the  quenched  EPR  spectra.  As  was  shown  in  Ref.  [5]  the 
efficiency  of  the  intercenter  charge  transfer  process  in 
SiC  is  enhanced  by  increasing  the  concentration  of  deep 
donors  and  by  lowering  the  Fermi  level  to  midgap  after 
which  the  nitrogen  donors  tends  to  interact  less  with  the 
conduction  band  and  more  with  states  below  them. 

It  should  be  noted  that  the  lifetime  of  electrons 
trapped  on  the  P  center  is  very  long,  15-20  h.  Taking 
into  account  that  the  boron  lines  also  persist  in  the 
quenched  EPR  spectrum,  we  conclude  that  the  recom¬ 
bination  between  nonequilibrium  carriers  is  impeded  by 
the  presence  of  P  center.  Thus,  the  P  center  is  strongly 
involved  in  the  trapping  and  recombination  (TR) 
process  and  is  possibly  the  dominant  lifetime  controlling 
defect  at  low  temperature  in  these  samples. 


The  luminescence  properties  of  the  samples  were 
found  to  correlate  with  the  paramagnetic  properties.  As 
seen  in  Fig.  4,  the  samples  with  the  lowest  intensity 
vanadium  PL  band  exhibited  a  shoulder  peaking  at 
about  2.14eV,  which  is  close  to  band  gap,  minus  the 
activation  energy  of  the  P  center.  The  Fermi  level  in 
these  samples  was  pinned  at  the  1.1  eV  level. 
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Abstract 


We  have  investigated  4H-SiC  and  6H-SiC  epitaxial  layers  after  doping  by  nuclear  transmutation  doping  (NTD).  N- 
type  layers  on  n-type  substrates  were  characterized  by  low-temperature  photoluminescence  (LTPL)  and  p-type  layers 
on  p-type  substrates  with  I-V,  C-V  and  Hall  effect  measurements.  Resulting  from  irradiations  with  thermalized 
neutrons  of  different  energy  spectra  the  samples  were  doped  with  phosphorous.  Our  experiments  show  defects  which  are 
generated  by  fast  neutrons  which  inevitably  exist  in  the  energy  spectra  of  reactor  neutrons.  We  characterized  samples  by 
LTPL  at  temperatures  of  measurement  between  2  and  72  K  in  the  visible  range  as  irradiated  and  annealed  up  to  120(LC. 
I-V  curves  of  pn-junctions  which  are  annealed  at  1500  C  and  I60CTC  with  varied  fluences  of  fast  neutrons  are 
presented,  (r.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.55.Ap:  61.80.Hg:  61.82.Fk 
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1.  Introduction 

Nuclear  transmutation  doping  (NTD)  of  SiC  is  based 
on  the  reaction  [30Si(n,y) 31  Si  i '''  P]  and  therefore,  it  is 
basically  useful  to  produce  the  phosphorous  donor  in 
volumes  of  SiC.  The  phosphorous  doping  of  SiC  also 
was  analysed  after  ion-implantation  [I].  First  attempts 
applying  NTD  on  SiC  were  made  with  respect  to  the 
behaviour  of  SiC  in  radiative  environments  [2]  and  in 
order  to  get  higher  doping  levels  for  ESR-investigations 
[3].  In  the  last  years  NTD  is  introduced  in  SiC 
technology  as  doping  technique  [4-6].  The  electrical 
characteristics  of  irradiated  samples  are  influenced  by 
defects  due  to  fast  neutrons,  which  are  incorporated 
inevitably  by  NTD  using  neutrons  with  energy  spectra 
from  nuclear  reactors  [4]. 
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2.  Experimental 

We  irradiated  different  4H  and  6H  epitaxial  layers  on 
Cree  Substrates  (n-  and  p-type)  in  different  positions  of 
several  reactors  with  a  fluence  of  thermal  neutrons  of 
4x1019cm  2  and  fluences  of  fast  neutrons  (energy 
>  MeV)  of  8  x  1016cm  2  and  5  x  lO^cirT2. 

The  samples  were  characterized  after  irradiation  and 
after  different  annealing  steps  (for  details  of  sample 
preparation  see  [4]).  We  investigated  low-temperature 
photoluminescence  (LTPL)  (for  apparative  details  [7]) 
with  a  HeCd  laser  at  325  nm  for  excitation.  The  studies 
of  the  electrical  behaviour  were  carried  out  after 
preparing  mesadiodes  of  6  mm  in  diameter  without  any 
special  surface  or  edge  preparation  techniques.  The 
mesadiodes  were  contacted  by  aluminum  on  the  n-type 
layer  and  by  Ni  on  the  p-type  substrate.  Diodes 
prepared  from  the  same  chip  were  annealed  at  1400  C, 
1500  C,  1600  C  to  generate  the  pn-junctions  in  the 
previously  p-type  on  p-type  samples.  I-V  measurements 
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were  carried  out  with  a  Keithley  6517  and  a  curvetracer 
Sony  370  A. 


3.  Results 

LTPL  is  a  powerful  tool  for  non-destructive  char¬ 
acterization  of  samples.  Directly  after  irradiation  LTPL 
spectra  are  to  be  detected  if  the  applied  fluence  of  fast 
neutrons  is  low  (e.g.  <1016cm-2).  For  samples  irra¬ 
diated  with  higher  fluences  of  fast  neutrons  luminescence 
is  not  detectable  until  applying  annealing  temperatures 
above  1000°C. 

At  samples  with  low  applied  fluences  of  fast  neutrons 
we  measured  the  emission  after  NTD  and  after  several 
annealing  steps.  In  addition  the  emission  spectra  for 
increasing  temperatures  from  2  up  to  72  K  were 
measured. 

In  the  visible  region,  there  is  a  small  band  of  lines  in 
both  polytypes  which  is  shifted  on  the  energy  scale 
towards  each  other  (Fig.  1)  corresponding  to  the 
different  energy  gaps.  There  is  another  emission  band 
strongly  correlated  to  defects  in  the  near  IR  [5,  6H:  8] 
which  shall  not  be  discussed  here. 

The  experiments  where  the  temperature  of  the 
measurements  is  directly  increased  after  NTD  show 
impressive  changes  between  6,  7  and  21  K,  respectively 
(Fig.  2  for  4H;  Fig.  3  for  6H).  Obviously  the  lines  can  be 
divided  into  three  groups.  First  there  are  stable  (s)  lines 
over  a  wide  range  of  temperatures,  other  lines  vanish  (v) 
with  increasing  temperature  and  there  are  rising  (r)  ones. 
In  both  polytypes  there  are  groups  of  lines  of  type  v  (4H: 
lines  at  4250,  4274,  4278,  4284,  4290,  4294,  4299,  4306, 
4311,  4328,  4346,  4348,  4352  (A);  6H:  lines  at  4711, 
4719,  4724,  4728,  4738,  4741,  4745,  4750,  4755,  4759, 
4767  (A))  at  the  high-energetic  side  and  at  the  low- 
energetic  side  (4H:  4384,  4389,  4405,  4417  (A);  6H: 
4831,  4836,  4843,  4846,  4849,  4854,  4857,  4862,  4867, 
4896,  4904  (A)).  The  stable  lines  are  in  4H:  4372,  4466, 
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Fig.  2.  LTPL  spectra  of  4H-SiC  directly  after  neutron  irradia¬ 
tion  at  different  temperatures  of  measurement:  (a)  2  K,  (b)  7  K, 
(c)  21  K,  (d)  43  K,  and  (e)  68  K. 
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Fig.  1.  LTPL  spectra  (at  2K)  in  the  visible  range  of  photo¬ 
luminescence  of  4H-  and  6H-SiC  directly  after  neutron 
irradiation. 


Fig.  3.  LTPL  spectra  of  6H-SiC  directly  after  neutron  irradia¬ 
tion  at  different  temperatures  of  measurement:  (a)  2  K,  (b)  6  K, 
(c)  21 K,  (d)  43  K,  and  (e)  72  K. 
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Fig.  4.  LTPL  spectra  at  2K  of  4H-SiC  directly  after  neutron 
irradiation  and  after  different  annealing  temperatures:  (a)  as 
irr.,  (b)  600  C.  (c)  700  C.  and  (d)  1200  C. 

4495  (A)  and  in  6H:  4792,  4875,  4908  (A).  At  21  K  we 
detect  type  r  (4H:  4262,  4266.  4273,  4288,  4293,  4301, 
4316,  4332,  4337,  4341.  4346,  4372  (A);  6H:  4766,  4777, 
4839.  4846  (A)). 

Furthermore  we  measured  spectra  after  annealing  at 
low  temperatures  (Fig.  4  for  4H;  Fig.  5  for  6H).  Most 
lines  arise  after  annealing  at  less  than  600'C,  only  few 
decrease  in  this  range.  After  annealing  above  1000  C  all 
these  lines  are  vanishing  and  only  the  well  known  D\~ 
defect  [9]  is  detected.  The  Dj-defect  correlated  emission 
consists  in  4H-SiC  of  one  line  L|  (4276  A).  In  6H-SiC  it 
consists  of  three  lines  Lj  (  4724  A),  L2  (4789  A),  L3 
(4825  A).  Amazingly  the  Z), -defect  emission  arises 
already  at  annealing  temperatures  <600  C.  Especially 
in  6H-SiC  in  the  well-known  intensity  distribution 
between  the  three  lines;  due  to  the  fact  that  in  6H-SiC 
one  hexagonal  lattice  site  and  two  cubic  lattice  sites 
exist,  whereas  in  4FI-SiC  one  cubic  lattice  site  and  one 
hexagonal  site  exist.  Thus  in  6H-SiC  more  emission  lines 
are  expected.  But  the  experimental  result  that  in  4H-SiC 
only  one  emission  line  for  the  Drdefect  was  observed  is 
still  not  understood. 

After  small  applied  fluences  of  fast  neutrons  the  well- 
known  intensity  distribution  of  the  L  lines  dominates  the 
LTPL  spectrum  at  annealing  temperatures  above 
10CKTC.  After  higher  fluences  of  fast  neutrons  (approx. 
10lscm"2)  the  distribution  has  changed  [4]  and  after 
further  annealing  the  distribution  of  the  L-lines  changes 
to  the  well-known  spectrum. 

After  irradiation  both  spectra  (Figs.  4  and  5)  show 
three  intensive  lines  (4H:  4348,  4372,  4417  (A);  6H:  4792, 
4876,  4908  (A)).  At  the  high  energetic  part  of  the  spectra 
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Fig.  5.  LTPL  spectra  at  2  K  of  6H-SiC  directly  after  neutron 
irradiation  and  after  different  annealing  temperatures:  (a)  as 
irr..  (b)  700  C.  (c)  750  C.  (d)  800  C  and  (e)  1000  C— here  the 
intensity  of  the  Z)rdcfect  is  reduced  by  a  factor  of  five. 

there  is  a  group  of  weak  lines  (after  the  thermal 
behaviour  designed  as  type  v).  In  6H-SiC  we  find  in 
between  the  strong  lines  some  weaker  ones  at  4796, 
4803,  4813,  4816,  4818,  4822.  4825,  4831,  4836,  4839. 
4843,  4846,  4849,  4854,  4857,  4862,  4867,  4891.  4896, 
4904  (A).  As  well  at  the  lower  energetic  side  (4H:  4466, 
4495;  6H:  4932,  4937,  4947,  4955,  4960,  4965,  4970, 
4974,  4980,  4983,  4987,  4991,  4997,  5002.  5009.  5023, 
5031,  5057  (A)). 

Electrical  measurements  on  4H-SiC  pn-junctions 
(Fig.  6)  were  carried  out,  demonstrating  that  the  pn- 
junction  generated  with  few  fast  neutrons  has  in  forward 
direction  below  the  built-in  potential  a  very  low  current 
density.  The  sample  with  a  higher  applied  fluence  of  fast 
neutrons  shows  after  annealing  at  1500'C  a  comparably 
low  forward  current  density  even  above  the  build-in 
potential.  After  annealing  at  1 600'C  there  is  no  current 
flow  beneath  the  built-in  potential  within  the  detection 
limit. 


4.  Discussion 

After  irradiation  with  thermal  neutrons  the  SiC 
samples  are  expected  to  have  numerous  defects  of 
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Fig.  6.  Current  density  over  voltage  in  forward  direction  for 
samples  with  equal  net  doping  but  with  different  applied 
fluences  of  fast  neutrons  and  different  annealing  temperatures: 
(a)  8  x  10 16  cm-2  fast  neutrons  and  1600°C,  (b)  5  x  10 15  cm-2 
and  1500°C,  (c)  8  x  10,6cm-2  and  1500°C. 

different  nature.  Applying  thermal  energy  with  different 
annealing  temperatures  the  SiC  becomes  the  chance  to 
reorganize  the  defects  in  terms  of  the  formation  energies 
of  single  defects.  This  process  ends  with  a  nearly  ideal 
structure  and  with  some  residual  complex  defect 
structures.  In  this  sense,  it  is  not  surprising  that  one 
gets  first  a  big  zoo  of  lines  from  LTPL  investigations 
which  end  up  in  the  A-defect  above  1000°C.  But  it  is 
amazing  that  SiC,  praised  to  show  long  time  stability  up 
to  700°C  [10,11],  obviously  begins  to  recover  defects  at 
much  lower  temperatures,  if  radiation  defects  are 
previously  introduced. 

Additionally  we  found  pn-junctions  with  nearly  ideal 
I-V  curves  in  forward  direction  after  annealing  at 
1600°C.  After  an  annealing  step  of  1400°C  with  the 


applied  fluence  of  fast  neutrons  of  8  x  10 16  cm-2  the  pn- 
junction  is  not  created  yet.  After  1500°C  annealing  the 
comparison  of  samples  with  applied  fluences  of  fast 
neutrons  which  differ  by  a  factor  of  16  show  a  big 
difference  in  forward  direction  although  the  fast  fluence 
is  just  a  factor  2  x  10-3  of  the  thermal  fluence  necessary 
for  doping. 
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Abstract 


Nitrogen-related  shallow  centers  and  defect-  and  impurity-related  deep  centers  in  nitrogen  doped  bulk  n-type  4H-SiC 
were  characterized  by  high  temperature  Hall  effect  and  deep  level  transient  spectroscopy  (DLTS)  measurements.  Two 
nitrogen  centers  at  £"0—0.048  and  —0.098  eV,  with  a  concentration  close  to  each  other,  and  a  poorly  resolved  deep  donor 
level,  with  activation  energy  of  0.58  eV,  were  found  by  fitting  the  Hall-effect  data.  A  dominant  DLTS  deep  center  is 
observed  at  £c-0.61-0.63eV  due  to  electric  field  effect,  with  a  concentration  of  ~  1.2  x  10,5cm“3.  The  center  is  believed 
to  be  the  Z\  center  (also  called  Zi/Z2(4H)),  which  is  often  observed  in  as-grown  and  implanted  or  irradiated  4H-SiC 
epilayers  and  is  speculated  to  be  a  vacancy-type  defect.  Correlation  between  the  Hall  effect  deep  donor  and  Z\  suggests 
that  Zj  is  donor-like.  £.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Bulk  4H  -SiC;  Nitrogen  levels:  Intrinsic  and  extrinsic  defects:  DLTS 


1.  Introduction 

Silicon  carbide  (SiC)  is  of  interest  for  high-tempera¬ 
ture,  high-power,  and  high-frequency  devices.  Besides 
shallow  dopants,  intrinsic  and  extrinsic  defects  are 
present  in  SiC,  giving  rise  to  deep  centers  in  the  band 
gap.  These  deep  centers  may  act  as  electron  and  hole 
traps  or  recombination  centers,  and  affect  the  perfor¬ 
mance  of  devices.  Electrical  data  obtained  mainly  from 
deep  level  transient  spectroscopy  (DLTS)  studies  on 
intrinsic  deep  centers  and  extrinsic  deep  centers  in  the 
3C-,  4H-,  and  6H-SiC  polytypes  have  been  well 
reviewed  [1,2].  Most  of  the  materials  mentioned  in  the 
reviews  are  epilayers,  grown  by  chemical  vapor  deposi¬ 
tion  (CVD).  It  is  desirable  to  study  deep  centers  in  the 
substrates  as  well  and  to  understand  their  origins.  In  this 
study,  Schottky  barrier  diodes  (SBDs)  made  on  a  bulk  n- 
type  4H~SiC  sample  were  characterized  by  capacitance- 
voltage  (C-L).  DLTS  measurements,  and  temperature 
dependent  Hall  effect  (TDH)  measurements  were 
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performed  on  an  adjacent  sample.  From  fitting  Hall- 
effect  data,  two  nitrogen  related  centers  at  near  £c-0.05 
and  -0.1  eV,  and  a  poorly  resolved  deep  donor  level 
with  activation  energy  of  0.58  eV  can  be  revealed.  A 
dominant  DLTS  deep  center  at  £c-0. 61-0.63  eV,  with  a 
concentration  of  ~  1.2  x  10l5cm-\  was  found  and  is 
believed  to  be  related  to  the  intrinsic  defect-related  Z\ 
center  (also  referred  to  as  Z|/Z2(4H)).  This  is  believed 
to  be  the  first  correlation  between  DLTS  and  Hall  effect 
for  a  deep  level  in  SiC.  Also,  the  correlation  suggest  that, 
contrary  to  previous  reports,  the  Z\  level  is  donor-like. 


2.  Experimental  and  results 

The  samples  used  in  this  study  were  cut  from  an 
n-type  4H-SiC  boule,  grown  along  the  c-axis  by  physical 
vapor  transport  technique  at  Cree  Inc.  A  square  sample 
approximately  0.75  cm  on  a  side  was  cut  for  resistivity 
and  Hall  effect  measurements.  Contacts  were  Au  on  Ni/ 
Cr  annealed  at  925 °C.  For  the  SBD  sample,  Schottky 
contacts  were  unannealed  A1  dots  with  diameters  of 
500  pm,  which  were  surrounded  by  a  large  area  A1  ohmic 
contact.  A  Bio-Rad  DL4600  system  with  a  100  mV  test 
signal  at  1  MHz  was  used  to  take  C-V  and  DLTS  data. 
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To  determine  the  activation  energy  ET  of  deep  centers, 
the  DLTS  spectra  were  taken  at  different  rate  windows, 
from  4  to  200  s_1,  and  were  analyzed  by  the  standard 
Arrhenius  technique. 

TDH  measurements  from  40  to  1000K  were  made  at 
a  magnetic  field  of  5  KG.  The  electron  concentration  is 
plotted  as  a  function  of  the  reciprocal  temperature  in 
Fig.  1 .  From  a  least-squares  fit  of  the  charge  neutrality 
equation,  we  are  able  to  determine  nitrogen  donor 
activation  energies  and  concentrations.  The  activation 
energies  of  nitrogen  donors,  Nh  and  Nc,  substituting  at 
hexagonal  and  cubic  lattice  sites,  were  found  to  be  0.048 
and  0.098  eV,  respectively.  The  corresponding  nitrogen 
donor  concentrations  are  4.7  x  1016  and  4.3  x  1016cm“3, 
with  a  ratio  of  concentrations  (Nh/Nc)  close  to  unity, 
which  is  expected  for  4H-SiC  [3].  In  addition  to  two 
shallow  nitrogen  levels,  a  deep  level  with  a  concentration 
in  the  1015-1016cm-3  range  and  an  activation  energy  of 
0.58  eV  can  be  poorly  resolved. 

Al-Schottky  diodes  show  low  leakage  currents 
(~400nA)  at  a  reverse  bias  of  -10  V,  which  enabled 
us  to  perform  measurements  at  higher  reverse  biases  and 
to  observe  electric-field  effect  on  deep  centers.  To 
determine  the  near-surface  carrier  concentrations,  we 
measured  C-V  characteristics  at  different  temperatures, 
and  carried  out  1/C2  vs.  F  analyses.  Plots  of  1/C2  vs.  F, 
obtained  at  temperatures  of  200-400  K,  are  very  good 
straight  lines.  Assuming  a  dielectric  constant  of  9.7  for 
4H-SiC,  the  carrier  concentrations  at  200,  300,  and 
400  K  are  4.1,  4.2,  and  4.3  x  1016cm~3,  respectively.  As 
compared  to  Hall-effect  data,  C-V  results  show  a 
weaker  temperature  dependence,  which  we  do  not 
understand  at  present.  From  the  intercept  at  1/C2  =  0, 
1.25  V  at  300  K,  the  barrier  height  of  Al  on  the  n-type 
4H-SiC  was  determined  to  be  1 .43  eV.  A  typical  DLTS 


Fig.  1.  Carrier  concentration  vs.  inverse  temperature  from  Hall 
effect.  Solid  line  is  fit  to  charge  neutrality  equation  for  three 
donor  levels.  Inset:  expanded  view  of  high  temperature  data 
showing  presence  of  deep  level  after  full  activation  of  the 
nitrogen  levels. 


spectrum,  measured  at  a  reverse  bias  (Kb)  of  — 9  V,  a 
forward  filling  pulse  height  (Ff)  of  0  V,  and  a  filling 
pulse  width  (IFf)  of  1  ms,  is  shown  in  Fig.  2.  We  see  a 
dominant  trap  C  at  around  room  temperature,  and  some 
other  traps  at  high  temperatures  (A  and  B)  and  at  low 
temperatures  (trap  D  and  unsolved  traps  E,  and  F).  The 
concentration  of  trap  C  can  be  as  high  as  1  x  1015cm-3, 
while  the  concentrations  of  other  traps  are  in  low 
1014cm~3  range.  Arrhenius  plots  of  T2 /en  vs.  103/T  for 
traps  A,  B,  C,  and  D  are  presented  in  Fig.  3,  from  which 
their  activation  energies  were  determined  to  be  0.89, 
0.74,  0.61,  and  0.40  eV,  respectively.  To  investigate  the 
electric-field  effect  on  the  dominant  center,  we  per¬ 
formed  DLTS  measurements  in  two  different  ways.  One 
set  of  spectra  was  measured  by  varying  Ff,  but  keeping 
Fb  (-9.0  V)  unchanged;  and  the  other  by  changing  Fb, 
but  keeping  Ff  constant  at  0  V.  The  resultant  DLTS 
spectra,  measured  as  a  function  of  Ff  and  Fb,  are  shown 
in  Figs.  4a  and  b,  respectively.  In  two  cases,  we  see  a 
peak  shift  of  the  dominant  center  to  lower  temperatures, 
as  Ff  increases  from  -6  to  + 1 V  (Fig.  4a),  and  as 
Fb  changes  from  —2  to  — 9V  (Fig.  4b).  Both  shifts 


Fig.  2.  Typical  DLTS  spectrum  measured  at  the  temperature 
range  from  1 50  to  420  K. 
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Fig.  3.  Arrhenius  plots  of  T2/e„  for  deep  centers  observed  in 
the  bulk  4H-SiC  sample. 
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Fig.  4.  DLTS  spectra  measured  (a)  as  a  function  of  Vf  and  keeping  Vy,  (-9  V)  unchanged;  and  (b)  as  a  function  of  K  and  keeping 
Vf  (0  V)  constant. 


correspond  to  an  increase  of  average  electric  field  in  the 
depletion  region.  Under  a  high  electric  field,  a  trap  peak 
should  shift  to  lower  temperatures  due  to  the  effective 
lowering  of  the  potential  well.  The  activation  energies  of 
the  dominant  trap  were  determined  to  be  0.61  eV  for  the 
high  average  field  case,  and  0.63  eV  for  the  low  average 
field  case.  The  average  electric  fields  are  3.5  x  105  Vcm  ! 
for  the  former  case  and  <1  x  10‘ Vent  1  for  the  latter 
case. 


3.  Discussion 

A  center  at  £’c-(0.63--0.68)eV,  named  the  7\  center, 
has  been  reported  in  previous  DLTS  studies  on  4H-SiC 
epilayers  [1,2],  This  defect  has  activation  energy  similar 
to  that  of  a  double-peak  trap  in  bulk  6H-SiC.  named  the 
Zi/Z2  center,  discovered  by  Zhang  et  al.  [4].  In  high 
quality  CVD-grown  4H-SiC  epilayers,  Kimoto  et  al.  [5] 
revealed  that  the  Z\  center  was  the  only  residual  defect 
with  concentrations  in  the  10,3cm  3  range.  While  in 
4H-SiC  epilayers,  Lebedev  et  al.  [6]  reported  that  the  Z\ 
concentration  was  shown  to  fall  with  decreasing  net 
donor  concentration  and  to  be  lower  in  layers  with  a 
high  dislocation  density.  Here,  in  this  study  with  n-type 
bulk  4H-SiC.  we  found  a  dominant  trap  with  activation 
energy  similar  to  that  of  Z,  center  and  with  a  higher 
concentration  compared  to  that  in  the  epilayers.  By  trap 
fingerprint  comparison  (see  Fig.  3),  we  believe  that  the 
dominant  trap  here  is  due  to  the  Z\  center.  To 
understand  the  nature  of  the  Z\  center,  many  ion- 
implantation  and  irradiation  studies  have  been  per¬ 
formed  [2].  It  has  been  demonstrated  that  the  Z\  center, 
induced  by  H H  -implantation,  is  acceptor-like  and  is 


thermally  stable  up  to  201 5~C  [7].  However,  a  recent 
report  indicated  that  Z,  (or  Z12)  centers,  generated  by 
2.9  MeV  H  1  -irradiation,  show  a  concentration  drop  at 
annealing  temperature  of  1300  C  [8].  A  current  con¬ 
sensus  is  that  the  Z\  center  is  related  to  a  vacancy-type 
defect,  however,  whether  it  is  a  C-Si  nearest-neighbor 
di vacancy  [9]  or  a  C  vacancy  [10]  is  still  an  open 
question.  The  conclusion  of  acceptor-like  nature  of  Zf 
was  deduced  from  double  DLTS  investigations,  where 
the  peak  position  of  Z\  showed  no  change  with  varying 
electric  field  [7].  This  observation  is  in  contrast  with 
what  we  found  in  this  study.  The  fact  that  the  activation 
energy  of  trap  C  shows  a  clear  dependence  on  electric 
field  implies  that  the  Z\  center  might  consist  of  two 
components,  each  with  an  opposite  charge  state.  The 
fact  that  the  Z\  center  is  the  only  deep  center  observed  in 
this  material  with  concentration  high  enough  to 
correspond  to  the  deep  donor  seen  in  Hall  effect 
experiments  suggests  that  the  two  experiments  are 
observing  the  same  defect  level.  This  suggests  that  Z| 
is  donor-like,  since  an  acceptor-like  defect  would  not  be 
observed  in  Hall  effect  in  n-type  material. 

Transition  metals  produce  electrically  active  deep 
centers  in  the  band  gap  of  semiconductors.  In  an  early 
study  of  SiC  substrates,  V,  Cr,  Fe  and  Ti  were  found  in 
high  concentration  compared  to  other  residual  impu¬ 
rities  [11].  By  V  1  -  and  Ti  * -implantation  [2],  and  Cr- 
isotope  doping  [12],  the  deep  centers,  induced  by  these 
metals  in  4H-SiC  epilayers,  were  characterized  by 
DLTS.  Vanadium  is  an  amphoteric  impurity,  leading 
to  formation  of  both  donor  and  acceptor  levels.  An 
acceptor-like  deep  center  F,/F:  at  £c~(0. 88-0.97)  eV  in 
V !  -implanted  4H-SiC  epilayers  was  reported  [2]. 
Recently,  V  doping,  known  as  a  compensating  donor. 
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was  demonstrated  to  be  useful  in  growth  of  semi- 
insulating  SiC  crystals  [13].  Three  Cr-related  deep 
centers  at  £c-0.15,  -0.18  and  -0.74eV  were  reported 
[12].  By  comparing  with  these  literature  data,  two  deep 
traps  found  in  this  study,  A  at  Ec— 0.89eV  and  B  at 
£c— 0.74eV,  might  be  due  to  residual  impurities  V  and 
Cr,  respectively.  The  trap  D  and  unsolved  traps,  E  and 
F,  at  or  below  £'c-0.40eV,  might  be  related  to  impurity- 
defect  complexes  or  simply  intrinsic  defects,  as  suggested 
in  Ref.  [2]. 


4.  Summary 

Nitrogen-related  centers  and  deep  centers  in  nitrogen 
doped  bulk  4H-SiC  were  characterized  by  TDH  and 
DLTS  measurements.  Two  nitrogen-related  centers, 
each  with  a  concentration  of  ~4.5  x  1016cm-3,  were 
found  at  £c-0.048  eV  and  £c-0.098eV,  respectively.  A 
poorly  resolved  deep  center  with  activation  energy  of 
0.58  eV  was  also  revealed  by  the  TDH  measurement.  A 
dominant  DLTS  center  in  the  material  is  at  £c-0.61- 
0.63eV  and  with  a  concentration  of  ~1.2x  1015cnT3, 
which  shows  a  clear  electric  field  effect  and  is  believed  to 
be  an  intrinsic  defect-related  Z\  center.  The  Z\  center  is 
believed  to  be  donor-like.  Two  deeper  centers,  observed 
at  £c— 0.74  and  -0.89  eV  and  with  concentrations  in  the 
low- 10 14  cm-3  range,  might  be  due  to  residual  impurities 
Cr  and  V,  respectively.  Other  centers,  found  at  or  below 
£c-0.40eV  and  with  concentrations  also  in  the  low 
10 14  cm-3  range,  are  thought  to  be  associated  with 
defect-impurity  complexes. 
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Abstract 

Beryllium  was  implanted  into  both  n-  and  p-type  6H-SiC  and  the  samples  were  subsequently  annealed  at  1600  C. 
Photoluminescence  (PL)  measurements  were  performed  and  PL  lines  at  420  and  472  nm  were  observed.  The  PL  lines  at 
around  420  nm  have  been  detected  from  various  ion  implanted  SiC  samples  and  have  been  attributed  to  transitions 
involving  some  implantation  induced  intrinsic  defect  labeled  as  D„.  The  present  observation  of  the  PL  lines  at  420  nm 
from  Be  implanted  6H-SiC  supports  the  intrinsic  model  that  D„  might  be  a  carbon-di-interstitial  defect.  The  lines  at 
472  nm  labeled  as  Dj  in  the  PL  spectra  have  previously  been  identified  as  divacancy  defect  (VSj  -  V( ).  We  note  that  it 
was  suggested  that  the  electron  traps  labeled  Z|/Z2  observed  in  deep  level  transient  spectroscopy  (DLTS)  were  due  to 
the  same  divacancy  defect.  In  our  experiments,  while  the  D[  series  PL  lines  are  prominent,  DLTS  results  from  the  same 
samples  show  no  Z,/Z2  related  peaks.  The  PL  and  DLTS  results  seem  to  be  against  the  possibility  that  Z|/Z,  arise 
from  the  same  defect,  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Ion  implantation  is  an  important  process  for  silicon 
carbide  (SiC)  device  technology  as  it  allows  selective 
doping  of  n-  and  p-type  dopants.  The  detection  and 
identification  of  dopants  and  implantation  induced 
defects  is  one  of  the  major  tasks  in  order  to  control 
the  characteristics  of  SiC  material  for  device  design 
and  fabrication.  Together  with  the  electrical  methods 
such  as  the  Hall  effect  and  deep  level  transient  spectro¬ 
scopy  (DLTS).  the  optical  photoluminescence  (PL) 
method  is  powerful  and  successful  in  this  kind  of 
investigation. 

SiC  doped  with  aluminum  (Al).  gallium  (Ga),  and 
boron  (B).  etc.  has  been  intensively  investigated  by  using 
electrical  and  optical  measurement  methods  in  the  past 
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[1-6].  Recently,  beryllium  (Be)  was  successfully  applied 
in  the  fabrication  of  SiC  diodes  [7,8].  A  better  forward 
characteristics  was  obtained  in  comparison  with  Al  and 
B  implanted  pn  junctions  [7].  Electrical  measurements 
such  as  current-voltage,  DLTS.  Hall  effect  on  Be 
implanted  or  diffused  6H-SiC  have  been  reported  [7-9]. 
However,  data  from  optical  measurement  like  PL  are 
relatively  scarce.  Be  has  been  reported  to  be  an  effective 
luminescence  activator  when  diffused  into  6H-SiC  [10]. 
Further,  more  than  three  series  of  PL  lines  were  detected 
and  are  thought  to  be  related  to  Be  implantation  [7]. 
Detailed  assignment  concerning  the  PL  lines  from  either 
Be  dopant  or  implantation  induced  intrinsic  defects  is 
still  lacking.  In  the  present  work.  Be  was  implanted  into 
both  n-  and  p-type  6H-SiC  with  both  high  and  low  doses 
at  room  temperature  followed  by  annealing  at  1600  C. 
In  this  article,  we  report  PL  observations  of  the 
Be  implantation  induced  intrinsic  defects  in  6H-SiC 
samples. 
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2.  Experiment 

The  SiC  samples  used  in  our  experiment  are 
commercially  available  epiwafers  from  CREE  Research 
Inc.  For  the  starting  n-type  6H-SiC  (0001),  a  10-pm- 
thick  nitrogen  doped  epilayer  was  grown  on  n  +  -type 
6H-SiC  substrate  with  chemical  vapor  deposition 
(CVD).  The  nitrogen  (N)  donor  concentrations  were 
1  x  1016  and  8xlO,7cirT3  in  the  epilayer  and  the 
substrate,  respectively.  For  the  p-type  6H-SiC  (0001), 
there  is  a  5-pm-thick  Al  doped  epilayer  grown  on  p  +  - 
type  6H-SiC  substrate.  The  Al  acceptor  concentrations 
were  1  x  1016  and  1  x  1018cm-3  in  the  epilayer  and 
substrate,  respectively.  50-590  keV  Be  implantation  was 
carried  out  at  room  temperature  to  obtain  a  box-shaped 
profile  with  a  mean  concentration  of  Be  about 
1  x  1019cm-3  (termed  “high-dose  Be”  implantation 
hereafter)  both  into  n-  and  p-type  samples.  To  repair 
the  implantation  induced  damage  and  activate  the  Be 
dopant,  post-implantation  annealing  was  performed  in 
flowing  argon  gas  at  1600°C  for  1  min  using  a  rapid 
thermal  annealing  (RTA)  system. 

For  a  comparison  study,  a  lower  Be  concentration  of 
about  1  x  10l8cm~3  (termed  “low-dose  Be”  implanta¬ 
tion  hereafter)  were  also  implanted  into  both  n-and  p- 
type  6H-SiC  samples.  The  same  multiple  energy 
implantation  schedule  as  for  the  high-dose  Be  implanta¬ 
tion  was  employed.  RTA  was  performed  at  1600°C 
for  30  s  under  similar  conditions  as  stated  previously. 
Table  1  presents  an  overview  of  the  preparation 
parameters  for  the  different  samples. 

For  PL  measurements,  the  excitation  was  done  with  a 
He-Cd  laser  operating  at  a  wavelength  of  325  nm.  PL 
measurement  was  performed  at  temperature  T  =  3.5  K. 
The  PL  emission  was  analyzed  with  a  SPEX750  M  single 
gratings  (1200  lines/mm)  monochrometer  and  detected 
with  a  Hamamatsu  R928  photomultiplier. 


3.  Results  and  discussion 

A  comparison  of  the  PL  spectra  at  3.5  K  of  the  high- 
and  low-dose  Be  implanted  n-  and  p-type  6H-SiC 
samples  is  shown  in  Fig.  1.  The  lines  labeled  by  4N0 
from  n-type  samples  are  related  to  bound  exciton 


recombination  at  a  four-particle  neutral  nitrogen  donor 
at  the  three  inequivalent  lattice  sites.  On  the  other  hand, 
the  PL  lines  labeled  by  4A10  from  p-type  samples  are 
attributed  to  the  bound  exciton  recombination  at  a  four- 
particle  neutral  Al  acceptor  lattice  sites  of  the  6H-SiC 
unit  cell.  Both  groups  of  PL  lines  have  been  intensively 
investigated  and  clearly  identified  in  previous  literatures 
[1,2],  and  are  commonly  used  as  indicators  for  the 
presence  of  N  and  Al  dopants  in  SiC,  respectively. 

The  PL  peak  at  around  420  nm  is  detected  in  both  n- 
and  p-type  Be  implanted  samples.  At  higher  spectral 
resolution,  the  420  nm  peak  can  be  resolved  into  at  least 
two  lines  at  420.3  and  420.5  nm.  Compared  with  4N0  or 
4A10,  the  PL  line  intensity  are  stronger  in  high-dose  Be 
implanted  samples,  indicating  the  dependence  on  the  ion 
implantation  doses.  It  should  be  noted  that  there  is  a 
weak  line  relative  to  4N0  at  420.3  nm  in  the  PL  spectra 
of  the  control  samples  as  also  reported  in  most 
literatures  [1,2],  which  was  labeled  by  I77  at  the  same 
wavelength.  The  I77  line  was  identified  as  a  recombina¬ 
tion  at  a  free  exciton  (FE).  It  is  a  good  indicator  of 


Energy  (eV) 

2.95  2.82  2.70  2.58  2.48 


Fig.  1.  PL  spectra  of  Be  implanted  n-  and  p-type  6H-SiC. 
(1)  Low-dose  Be  implanted  n-type  6H-SiC;  (2)  High-dose  Be 
implanted  n-type  6H-SiC;  (3)  Low-dose  Be  implanted  p-type 
6H-SiC;  (4)  High-dose  Be  implanted  p-type  6H-SiC.  Implanta¬ 
tion  was  at  room  temperature  and  annealing  was  carried  out  at 
1600°C. 


Table  1 


Preparation  conditions  of  various  Be  implanted  n-  and  p-type  6H-S1C  samples 


Sample  number 

1 

2 

3 

4 

Sample  type  before  implantation 
Sample  terms  as  mentioned  in 
the  text 

Mean  con.  of  Be  (atoms/cm-3) 
Duration  of  annealing  at  1600°C 

n-type 

Low-dose  Be  n-type 

-lx  1018 

30  s 

n-type 

High-dose  Be  n-type 

-1  x  1019 

1  min 

p-type 

Low-dose  Be  p-type 

-1  x  1018 

30  s 

p-type 

High-dose  Be  p-type 

-lx  1019 

1  min 
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crystal  quality  [11],  However,  in  the  present  Be 
implantation  experiment,  the  PL  lines  at  420.3  and 
420.5  nm  which  depend  on  the  ion  doses  should  be 
attributed  to  Be  implantation  induced  new  PL  activator 
rather  than  the  I77  free  exciton  with  the  same 
wavelength. 

Recently,  based  on  the  observation  of  the  same 
spectrum  in  different  ion  implanted  6H-SiC  samples, 
the  PL  lines  were  proposed  to  be  due  to  an  intrinsic 
defect  labeled  as  Du  induced  by  ion  implantation. 
Moreover,  together  with  the  observation  of  high  energy 
localized  modes  beyond  the  lattice  limit  of  120meV,  the 
Dj,  center  was  suggested  to  be  carbon-di-interstitial  [6]. 
The  present  PL  spectrum  of  Be  implanted  6H-SiC  gives 
further  information  and  strongly  supports  the  intrinsic 
modes  of  Du  center  induced  by  ion  implantation. 
Subsequently,  the  high  intensity  of  420.3  and  420.5  nm 
lines  from  high-dose  Be  implantation  samples  is 
expected  since  high-dose  ion  implantation  will  produce 
more  such  defect  centers. 

The  PL  emission  lines  labeled  as  L,,  L2,  and  L3  at 
around  472  nm  are  prominent  in  the  PL  spectrum  as 
shown  in  Fig.  L  These  lines  called  Dj-center  were 
regularly  found  in  6H-SiC  after  implantation  of  ions, 
electrons,  etc.  and  subsequent  annealing  at  T  >  900  C. 
[1,2]  Although  the  microscopic  structure  of  this  D /- 
center  is  still  a  matter  for  discussion,  there  is  a  mounting 
evidence  that  it  is  due  to  the  VSi-Vr  di vacancy  [12].  On 
the  other  hand,  it  should  be  pointed  out  that  deep  levels 
at  £c— 0.62/0.72  eV  labeled  as  Z,/Z2  in  DLTS  spectra 
have  been  reported  and  speculated  as  the  same  as 
divacancy  (VSj-Vc)  on  inequivalent  lattice  sites  in  as- 
grown.  high-energy  particle  irradiated  or  ion  implanted 
SiC  [13,14].  Zhang  et  al.  demonstrated  that  the  Zj/Z-, 
centers  can  be  generated  either  by  irradiation  with  high- 
energy  electrons  or  by  ion  implantation  and  that  it  is 
thermally  stable  up  to  at  least  1700  C  [13].  However, 
recently  the  identification  was  questioned  based  on  the 
studies  of  thermal  annealing  behaviors  of  Z|/Z->  that 
almost  disappear  with  post-irradiation  annealing  tem¬ 
perature  below  1000'C  [14,15].  In  the  present  experi¬ 
ment,  we  have  conducted  DLTS  study  of  the  identical 
samples.  Fig.  2  displays  the  DLTS  spectrum  of  the  low- 
dose  Be  implanted  6H-SiC  with  post-implantation 
annealing  at  1600  C.  It  can  be  seen  that  no  obvious 
DLTS  peaks  related  to  Z|/Z2  was  observed.  However,  as 
shown  in  Fig.  1,  the  L,,  L2  and  L?  lines  of  Dj-center  are 
dominant  in  the  PL  spectra  from  all  samples.  These 
results  are  consistent  with  those  observed  for  helium  ion 
implanted  n-type  6H-SiC  using  DLTS  and  PL  techni¬ 
ques  by  Frank  et  al.  [14]  and  strongly  support  the 
argument  against  that  of  Z[/Z:  and  Dj-center  was  due 
to  the  same  defect. 

The  microstructure  of  Z|/Z2  is  still  a  matter  for 
discussion.  Aboelfotoch  et  al.  reported  that  the  two 
levels  at  £c-0. 62/0.64  eV  which  were  associated  with  the 


Temperature  (K) 

Fig.  2.  DLTS  spectrum  of  beryllium  (low-dose  Be)  implanted 
n-typc  6H-SiC  with  subsequent  annealing  at  1600'C. 

Z|/Z2  centers  in  electron-irradiated  n-type  6H-SiC  were 
annealed  out  at  around  850"C  [16].  Based  on  the  thermal 
annealing  behaviors  the  two  levels  were  assigned  to  be  a 
defect  involving  a  silicon  vacancy  occupying  inequiva¬ 
lent  sites  in  the  6H-SiC  lattices. 
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Abstract 


Photoluminescence  (PL),  thermally  stimulated  luminescence  (TSL)  and  their  photo-excitation  spectra  in  hexagonal 
type  SiC  were  studied  between  the  temperatures  of  5  and  300 K.  Titanium  related  TSL  glow  peak  is  observed  close  to 
140  K  in  compensated  crystals  6H-SiC  with  corresponding  thermal  ionisation  energy  of  a  trap  close  to  170meV  The 
spectral  distribution  of  TSL  has  a  maximum  at  1.8  eV  in  6H~SiC  and  2.43  eV  in  4H-SiC  A  specific  structure  in  the 
photo-excitation  spectrum  of  PL  close  to  the  exciton  gap  E,x  =  3.023  eV  is  revealed,  exclusively  in  6H-SiC  material  This 
indicates  an  essential  role  of  excitons  in  the  resonance  energy  transfer  to  the  Ti-related  centers  in  silicon  carbide.  The 
results  are  discussed  in  a  model  of  isoelectronic  centers  composed  of  either  individual  Ti  atoms  or  Ti-N  pair  representing 
a  complex  of  the  electronic  trap  and  recombination  center,  (U  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Defect  stale:  Silicon  carbide;  Transition  metals;  Titanium 


1.  Introduction 

In  the  photoluminescence  (PL)  spectrum  of  silicon 
carbide  (SiC)  a  broad  ‘green’  band  with  maximum  at 
2.43  eV  is  observed  [1],  This  band  is  accompanied  with  a 
set  of  narrow  lines  on  the  short-wavelength  shoulder  at 
low  temperatures.  These  lines  has  been  named  as  ABC- 
spectrum  and  has  a  relevance  to  Ti  impurity.  The  PL 
spectrum  of  the  green  band  is  similar  in  SiC  polytypes 
while  the  ABC-spectrum  is  various.  The  origin  of  the 
green  luminescence  in  6H-SiC  has  been  a  subject  of 
numerous  investigations.  Three  narrow  zero-phonon 
lines  (ZPLs)  A0,  B(,  and  C()  were  interpreted  as  bound 
exciton  recombination  at  a  neutral  isoelectronic  center 
[2],  which  was  finally  attributed  to  Ti  impurity  [3].  Until 
now  the  interpretation  of  Ti-related  PL  spectrum  is 
controversial.  The  most  comprehensive  results  on 
the  electronic  structure  of  luminescence  center  can 
be  obtained  with  the  methods  of  magnetic  resonance, 
specifically  optically  detected  magnetic  resonance 
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(ODMR).  Initial  identification  of  the  Ti  as  isolated 
impurity  atom  was  performed  using  ODMR  [4].  EPR 
identification  of  titanium-nitrogen  pairs  (Ti-N)°  in  6H- 
SiC  was  made  in  Ref.  [5].  In  these  papers,  authors  found 
a  correlation  between  excited  triplet  states  [4]  or  three 
signals  with  the  spin  [  [5]  and  A(),  B(),  and  Cn  lines  of 
luminescence  spectrum. 

We  report  on  PL,  thermally  stimulated  luminescence 
(TSL)  and  photoluminescence  excitation  (PLE)  study  in 
6H-  and  4H-SiC  crystals.  PLE  spectroscopy  is  applied 
to  reveal  details  of  electronic  energy  transfer  within 
complex  PL  center. 


2.  Experiment 

Applying  the  procedure  of  a  selective  photoexcitation, 
we  used  two  grating  spectrometers,  one  of  them  coupled 
with  xenon  or  tungsten  lamp  was  used  as  an  excitation 
source  and  the  second  spectrometer  coupled  to  photo¬ 
multiplier  served  for  PL  spectroscopy.  The  system 
recorded  PL  and  PLE  spectra  with  a  resolution  of 
0.015  and  0.04  nm,  respectively.  Combining  polarization 
of  the  excitation  light  and  the  luminescence,  we 
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deconvoluted  the  green  PL  band  in  both  polytypes  of 
SiC  into  three  elementary  spectra  assigned  as  A,  B,  and 
C  series.  PLE  spectra  of  the  individual  ZPLs  Ao,  B0,  and 
Co  were  obtained  separately.  These  data  are  consistent 
with  ODMR  results  [4]. 

Fig.  1  shows  the  high-energy  parts  of  the  ‘elementary’ 
PL  spectra  and  low-energy  part  of  PLE  spectrum  for 
each  of  A,  B  and  C  series.  These  spectra  can  be 
attributed  to  intra-center  transitions  of  two  types  of 
defects.  One  of  these  defects  is  an  isolated  impurity  atom 
of  Ti  (A  spectrum  and  C  spectrum),  and  the  other  defect 
includes  nearest  neighbour  Ti-N  pair  (B  spectrum). 

To  observe  TSL  signal,  a  sample  was  illuminated  with 
337  line  of  the  N2  laser  at  77  K.  After  initial  60s  decay, 
the  sample  was  heated  up  at  rates  of  0.5  or  0.2  K/s.  PL 
and  TSL  signals  were  recorded  on  the  0.4  m  spectro¬ 
meter  with  a  resolution  of  3  nm  to  obtain  the  spectral 
distribution  of  TSL.  Fig.  2  shows  low-temperature  parts 
of  glow  curves  n-  and  p-type  samples  with  different 
compensation.  All  samples  except  n-type  6H-SiC  were 
compensated  by  Ti  impurity.  The  solid  curves  is  for  6H 
polytype  and  the  dashed  curve  corresponds  to  4H-SiC. 
Solid  and  dotted  glow  curves  represent  spectrum  in  the 
region  of  1.8  eV  maximum,  while  the  dashed  curves  in 
the  region  of  2.43  eV.  Only  one  band  with  the  maximum 
at  1.8  eV  is  observed  in  TSL  of  6H-SiC.  TSL  spectra  in 
4H-SiC :  Ti  impurity  are  identical  to  the  PL  spectrum 


with  the  maximum  at  2.43  eV  (Fig.  2).  Spectral  distribu¬ 
tions  of  PL  and  TSL  are  shown  in  the  insert. 


3.  Discussion 

Performed  experiments,  especially  on  selective  photo¬ 
excitation,  revealed  details  of  processes  of  the  excitation 
and  luminescence  in  Ti-related  centers  in  SiC.  PL  spectra 
assigned  as  A  and  C,  can  be  connected  with  different 
hole  transitions  in  the  bound  exciton  state  of  the  same 
center  (A-center)  involving  an  isolated  Ti  atom.  Such 
excitons  are  the  excited  states  of  the  pseudo  ion  Ti  (d") 
if  a  Colombic  coupled  hole  is  formed  from  Bloch  waves 
of  the  valence  band  near  the  charged  Ti  (d"+1)  ion 
(an  excited  state  of  the  type  of  an  ‘acceptor  ex- 
citon’ — [d',+1  x  h]  in  denotation  of  Ref.  [6]). 

We  established  that  PLE  series  showed  by  dotted  line 
in  Fig.  lc  as  three  maxima  at  2.911,  2.930,  and  2.949  eV 
is  connected  with  excitation  of  C-spectra  PL.  Two  other 
PLE  series  with  identical  energy  interval  of  19meV  have 
maxima  at  2.868,  2.8865,  2.905,  2.9245,  2.944 eV  (noted 
by  single  arrows)  and  2.861,  2.880,  2.900  eV.  These  lines 
can  be  connected  with  the  excitation  of  A  spectrum.  The 
head  lines  of  these  series  at  2.911,  and  2.868,  2.861  eV 
correspond  the  excitation  of  electron  from  different 
valence  bands-F7  (Pz)  and  i^,  respectively,  into  the 


Fig.  1.  PL  spectra  of  elementary  series  composing  green  PL  band  in  6H-SiC :  Ti  (left).  Low-energy  region  of  PLE  spectrum  measured 
of  the  maximum  of  these  band  (right).  Polarisation  of  excitation  is  Ee±c,  polarisation  of  luminescence  is  performed— in  two 
components  EL±c  and  Ee\\c.  c-direction  of  the  crystallographic  axis.  Maximum  in  PLE  spectra  taken  for  EL\\c  turned  out  to  be 
connected  to  the  excitation  of  the  B  spectrum,  while  the  maxima  marked  by  dotted  lines  in  this  spectrum  taken  for  ELlc  are  connected 
with  excitation  of  C-spectrum. 
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Fig.  2.  Low-temperature  parts  of  TSL  glow  curves  of  6H  (solid  and  dotted  lines)  and  4H-(dashcd  lines)  SiC  corresponds  to  (a)  n- 
type  and  (b)  p-type  conductivity.  Dotted  curve  represents  TSL  after  emptying  of  the  nitrogen  traps.  In  insert  the  spectral  distribution  of 
PL  and  TSL  (circles). 


d-orbitals  of  Ti  (d").  Indeed,  these  head  lines  are 
separated  by  43-50  meV  which  is  close  to  53meV 
r7  -  r9  crystal  field  splitting  ACR  in  6H-SiC.  The 
energy  separation  of  two  PLE  series  2868-2861  =7meV 
is  very  close  to  spin-orbit  splitting  of  the  Ty  valence 
band  (/ds_.(>  =  7.1  meV  [4]).  Differences  in  the  vibration 
structure  of  C  and  A  luminescence  spectra  can  be 
explained  by  different  coupling  of  holes  [4].  In  such 
interpretation,  vibration  modes  dominating  in  the  PL 
spectra  are  determined  by  the  symmetry  of  the  hole  wave 
function  in  the  final  state  of  optical  transitions  within  A- 
center.  Specifically  24.4  meV  phonon  replica  in  C 
spectrum  shows  a  vibration  structure  of  final  states  of 
this  center  with  the  hole  corresponding  to  the  A ,(/>z) 
valence  band  symmetry.  We  suggest  that  three  equally 
separated  at  19meV  maxima  in  PLE  spectrum  at  2.947, 
2.966.  and  2.982  eV  correspond  to  a  softer  vibration 
mode  of  electronic  excited  state  in  A  center. 

The  continuous  background  under  the  structure  of  the 
discussed  PLE  spectrum  is  presumably  a  spectral 
distribution  of  the  photo-excitation  cross  section  of 
electrons  (d'Vd""1)  into  d-orbitals  of  Ti  impurity.  The 
long-wavelength  cut-off  in  this  background  at  the  energy 
at  about  2.90  eV  represents  the  level  of  Ti-related  deep 
acceptor  An/A  above  the  valence  band.  This  acceptor 
level  links  to  the  electron  trap  with  energy 
£traP^170meV  estimated  from  TSL  glow  peak  at  the 
temperature  140  K  (Fig.  2b).  We  suggest  that  a  complex 
of  the  ionized  (Ti°-N  1  )H  pair  is  involved  in  PL  and 
TSL.  Indeed,  ABC-spectra  in  6H-SiC  is  observed  only 
in  p-type  crystals,  but  EPR  of  (Ti-N)  pair-only  in  n- 
type.  The  photo-EPR  spectra  of  a  neutral  (Ti  -N  ! )° 
were  observed  in  highly  compensated  n-type  SiC  under 
broad  band  illumination  [5].  The  energy  position  of  the 
Ti-related  glow  peak  in  6H-SiC  is  consistent  with  the 
Ref.  [5]  where  the  energy  level  of  (Ti-N)°  pairs 
attributed  to  the  level  of  nitrogen  donor  in  this  polytype. 


In  our  study  the  glow  peak  with  the  maximum  near 
110K  (Fig.  2a  and  b)  is  connected  with  nitrogen  trap 
with  activation  energy  of  140meV.  A  similar  model  of 
isoelectronic  complex  composed  of  deep  acceptor  and  an 
electron  trap  was  developed  in  GaP :  N  [7], 

In  4H-polytype  only  one  glow  maximum  in  the  region 
of  77-120  K  is  observed  both  in  n-type  and  p-type  Ti- 
doped  crystals.  The  initial  temperature  of  photo-excita¬ 
tion  has  to  be  reduced  below  than  77  K  [8]  to  correctly 
estimate  a  depth  of  corresponding  trap.  We  noticed  the 
coincidence  of  PL  and  TSL  spectra,  which  indicate  a 
difference  in  the  depth  of  the  trap  and  level  of  excited 
state  of  Ti-related  center  in  4H-SiC. 

Besides  the  band-to-band  excitation,  there  are  two 
possibilities  of  the  photoexcitation  of  A-spectrum:  (1) 
direct  excitation  to  the  lowest  excited  state  of  the  A- 
center  and  (2)  indirect  excitation-to  the  level  of  deep 
acceptor.  d"/d"‘'.  We  found  an  efficient  PL  excitation 
through  the  a-maximum  in  PLE  spectra  of  6H-SiC  (see 
Fig.  la).  This  a-maximum  is  location  in  the  region  of  the 
excitonic  band  gap,  for  this  polytype  E„x  =  3.023  eV.  It 
is  important,  that  in  PLE  of  4H-SiC  the  structure  in  the 
region  of  £,x  of  this  polytype  (3.265  eV)  is  also  exhibited 
however  excitation  efficiency  is  much  lower.  Individual 
lines  in  PLE  spectra  in  the  region  of  photon  energies 
corresponding  to  the  values  of  Esx  in  both  polytypes  can 
be  explained  as  free  exciton  scattering  on  titanium 
atoms.  Indeed,  substitution  Ti,  which  is  an  isoelectronic 
impurity  in  SiC,  can  substantially  change  the  exciton 
quasi-momentum  by  elastic  scattering  due  to  a  short- 
range  potential  of  Ti-center. 

The  PLE  efficiency  of  A0  line  in  6H-SiC  is  of  the 
order  of  magnitude  higher  in  the  a-maximum  than 
under  band-to-band  excitation  [9].  This  can  be  explained 
by  coincidence  of  the  free  exciton  energy 
{E)ix  =3.023  +  0.01  eV)  and  the  energy  of  the  excited 
electronic  state  of  the  ‘A-centeE  in  6H  SiC  polytype 
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only.  A  mechanism  of  the  resonance  energy  transfer  from 
the  free  excitons  to  A-center  is  involved.  The  high 
efficiency  of  non-radiative  energy  transfer  in  isoelectronic 
impurities  of  rare-earth  metals  in  II-VI  compounds  was 
shown  in  [10].  The  spectral  structure  in  PLE  spectrum  of 
the  A0  line  in  the  3.023-3.1 50  eV  region  represents 
electron  transitions  at  the  exciton  states  with  the 
emission  of  phonons  [11]  and  proved  the  participation 
of  the  free  excitons  in  the  excitation  process  of  A-center. 

A  direct  evidence  on  existence  of  (Ti-N)  pair  was 
presented  by  EPR  in  Refs.  [5,12].  A  strong  /?  maximum 
at  3.003  eV  (see  Fig.  lb)  in  PLE  spectra  of  B0  line  in  the 
region  of  ZPL  of  the  excitons  bounded  to  the  neutral  N 
donors  (‘D0X’  complexes  in  terms  of  Ref.  [2]),  can  be 
attributed  to  the  (Ti-N)  pair.  Cross  relaxation  study 
between  the  excited  triplet  states  of  titanium  and  the 
ground  state  of  nitrogen  donors  [13],  also  supports  this 
identification.  This  study  demonstrates  an  essential  role 
of  excitons  in  the  resonance  energy  transfer  to  Ti-related 
centers  in  silicon  carbide. 
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Abstract 


Beryllium  has  been  implanted  into  both  n-  and  p-type  6H-silicon  carbide  (SiC)  with  high  and  low  doses.  Upon 
subsequent  annealing  at  1600  C,  Beryllium  implantation  induced  deep  levels  have  been  investigated  by  deep  level 
transient  spectroscopy.  Five  deep  level  centers  labeled  as  BEI-BE5  were  detected  from  high  dose  beryllium 
implantation  produced  pn  junctions.  A  comparative  study  of  low  dose  beryllium  implanted  n-type  6H-SiC  sample 
proved  that  the  BE1-BE3  centers  were  electron  traps  located  at  0.34,  0.44,  and  0.53  eV,  respectively  below  the 
conduction  band  edge.  At  the  same  time,  the  BE4  and  BE5  centers  were  found  to  be  hole  traps  situated  at  0.64  and 
0.73  eV,  respectively,  above  the  valence  band  edge.  In  the  case  of  beryllium  implanted  p-type  6H-SiC,  four  hole  traps 
labeled  as  BEP1,  BEP2.  BEP3.  and  BEP4  have  been  observed.  The  observed  levels  of  the  hole  traps  BEP1  and  BEP2  at 
0.41  and  0.60  eV,  respectively,  above  the  valence  band  agree  well  with  those  from  the  Hall  effect  data  from  material  with 
beryllium  acting  as  doubly  charged  acceptor.  The  other  hole  traps  BEP3  and  BEP4  at  0.76  and  0.88  eV,  above  the 
valence  band,  respectively,  are  thought  to  be  due  to  beryllium  implantation  induced  defects  or  complexes,  f.  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Beryllium  (Be)  is  known  as  a  doubly  charged  acceptor 
in  silicon  carbide  (SiC).  The  acceptor  levels,  0.42  and 
0.60  eV  were  determined  at  the  first  attempt  by  Hall 
measurements  on  6H-SiC  bulk  material  [1].  Recently,  Be 
was  successfully  applied  in  the  fabrication  of  SiC  diodes. 
A  better  forward  characteristic  was  obtained  in  compar¬ 
ison  with  pn  junctions  produced  by  boron  (B)  and 
aluminum  (Al)  implantation  [2],  On  the  other  hand,  Be 
may  also  act  as  a  donor  in  SiC  when  residing  on  the 
interstitial  sites,  although,  the  donor  levels  are  not 
known  [3].  However,  the  knowledge  about  the  physics  of 
the  Be  dopant  in  SiC  is  still  very  limited. 
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2.  Experiment  and  results 

The  6H-SiC  used  in  this  work  was  purchased  from 
CREE  Research  Inc.  in  the  form  of  10  pm  thick  nitrogen 
doped  (0001)  oriented  epilayers  grown  on  n  '  type  SiC 
substrates.  The  nitrogen  donor  concentrations  were 
1  x  1016  and  8  x  10,7cm "3  in  the  epilayer  and  the 
substrate,  respectively.  50-590  keV  Be  implantation 
(termed  as  high-dose  Be  implantation  hereafter)  was 
carried  out  to  obtain  a  box-shaped  profile  with  a  mean 
Be  concentration  of  about  1  x  1019cm"\  To  repair  the 
implantation  induced  damage  and  to  electrically  activate 
the  dopant,  samples  were  annealed  in  flowing  argon  gas 
at  1600'C  for  1  min  using  a  rapid  thermal  annealing 
(RTA)  system. 

For  a  comparative  study,  6H-SiC  samples  with  a 
lower  Be  concentration  of  about  1  x  10,scm-3  (termed 
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Temperature  (K) 

Fig.  1.  DLTS  spectrum  recorded  on  the  high-dose  Be  im¬ 
planted  6H-SiC  pn  junction  samples. 


Temperature  (K) 

Fig.  2.  DLTS  spectrum  recorded  on  the  low-dose  Be  implanted 
n-type  6H-SiC. 


low-dose  Be  implantation  hereafter)  were  implanted  into 
n-  and  p-type  6H-SiC  samples,  respectively.  The  same 
multiple  energy  implantation  schedule  as  for  the  high- 
dose  implantation  was  applied.  RTA  was  performed  at 
1600°C  for  30  s  under  similar  conditions  as  stated  above. 

A  typical  majority  carrier  spectrum  is  shown  in  Fig.  1 . 
Five  peaks  labeled  as  BE1,  BE2,  BE3,  BE4,  and  BE5 
were  observed  in  the  deep  level  transient  spectroscopy 
(DLTS)  measurement  temperature  range  of  100-450  K. 
To  check  whether  these  traps  were  induced  by  Be 
implantation,  a  control  measurement  was  performed  on 
a  schottky  contact  on  unimplanted  n-type  epilayer. 
None  of  the  above  traps  were  detected  indicating  that  all 
the  traps  described  above  were  induced  by  the  Be 
implantation  process. 

It  should  be  pointed  out  that  for  the  high-dose  Be 
implanted  samples,  the  Hall  measurements  indicated  a 
weak  p-type  conduction  in  the  Be  implanted  layer,  the 
free  hole  concentration  in  the  p-region  and  the  free 
electron  concentration  in  the  n-region  of  the  pn  junction 
were  of  the  same  order  of  magnitude.  Under  reverse  bias 
conditions  it  is  thus  reasonable  to  expect  that  the  width 
of  the  depletion  layer  in  the  p-region  is  comparable  with 
the  one  in  the  n-region.  Consequently,  the  observed 
DLTS  peaks  may  arise  either  from  hole  traps  in  the 
p-region  or  electron  traps  in  the  n-region  of  the  pn 
junction.  A  definitive  assignment  is  not  possible  without 
further  information  about  these  traps.  Therefore,  the 
n-type  low-dose  Be  implanted  samples  was  additionally 
prepared.  A  typical  DLTS  spectrum  of  these  samples  is 
shown  in  Fig.  2,  all  the  three  levels  are  attributed  to 
electron  traps.  Since  the  energy  level  and  the  tempera¬ 
ture  position  of  the  DLTS  peak  BE1'  (see  Fig.  2)  are  in 
excellent  agreement  with  those  of  BE1  (see  Fig.  1),  BEE 
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Fig.  3.  DLTS  spectrum  recorded  on  the  low-dose  Be  implanted 
p-type  6H-SiC. 


and  BE1  are  attributed  to  the  same  defect  center. 
Likewise  BE2'  and  BE3'  are  assumed  to  be  related  to  the 
overlapping  peaks  BE2  and  BE3  because  of  their  very 
similar  energy  levels.  Hence,  it  is  unambiguously  clear 
that  three  (BE1,  BE2,  and  BE3)  of  the  five  deep  level 
traps  observed  in  the  high-dose  Be  implanted  sample  are 
electron  traps  arising  from  the  n-region  while  the  other 
traps  (BE4,  BE5)  are  assumed  to  be  hole  traps  from  the 
p-region  of  the  pn  junction. 

Fig.  3  shows  the  DLTS  spectrum  of  Be  implanted  p- 
type  6H-SiC.  Four  deep  levels  labeled  as  BEP1,  BEP2, 
BEP3,  and  BEP4  as  hole  traps  are  observed  in  a 


720 


X.D.  Chen  et  al.  j  Physica  B  308  310  (2001)  718  721 


Table  1 


Energy  levels  £r,  capture  cross  sections  j .  and  concentrations 
At  of  the  deep  level  traps  determined  using  DLTS  data  of  the 
high-  and  low-dose  Be  implanted  6H-SiC  samples 


£t  (eV) 

o\  (cm2) 

N\  (cm  3) 

BEI 

£,.  -  0.34 

-10  13 

4  10  x  1013 

BE2 

£c  -  0.44 

-10  14 

1-6  x  1013 

BE3 

£,  -  0.53 

-10  14 

3  -8  x  I011 

BE4 

Ev  +  0.64 

-10  16 

4-6  x  1014 

BE5 

£\  +  0.73 

~10 

2-7  x  10IJ 

BEP1 

£\  +  0.41 

-10  13 

4  10  x  I0,J 

BEP2 

£v  +  0.60 

-10  15 

1 . 6  x  t013 

BEP3 

£v  +  0.76 

-10  16 

1-3  x  1013 

BEP4 

£\  +  0.88 

-10  17 

26  x  101' 

temperature  range  ofl  80-450  K.  At  temperatures  below 
T  =  180  K,  the  DLTS  peak  shape  is  strongly  affected  by 
the  increased  series  resistance  due  to  the  free  carrier 
freeze-out  of  the  shallow  A1  dopant.  The  energy  levels, 
capture  cross  sections,  and  concentrations  of  the  defect 
centers  determined  are  summarized  in  Table  1. 


3.  Discussion 

Recent  DLTS  studies  on  electron-irradiated  [4-6]  and 
deuterium-implanted  [5]  n-type  6H-SiC  have  demon¬ 
strated  the  existence  of  two  overlapping  levels  at  £<?  — 
0.33  and  0.34  eV  that  were  designated  as  E\  and  £2, 
respectively.  Our  previous  DLTS  investigations  on 
electron-irradiated  6H-SiC  revealed  several  deep  level 
traps.  Two  of  them  (labeled  as  ED2  and  ED4)  were 
attributed  to  the  £]/£2  center  [6].  The  fact  that  the  BE1 
peak  is  so  close  in  energy  to  those  of  the  E\  /E2  doublet 
is  suggestive  that  the  two  are  one  and  the  same  defect 
with  the  perturbations  present  on  the  center  close  to  the 
pn  junction  perhaps  causing  the  doublet  to  smear  into  a 
single  peak.  Such  a  view,  however,  meets  with  some 
difficulty  when  it  is  realized  that  the  peak  maximum 
temperatures  of  BEI  and  ED3  differ  by  50 K  and  the 
calculated  cross-section  by  two  orders  of  magnitude. 
This  makes  it  unlikely  that  BEI  and  £j  /£2  are  the  same 
defect. 

An  alternative  explanation  for  BEI  is  that  it  is 
associated  with  interstitial  Be.  It  is  known  that  Be  may 
act  as  a  donor  when  residing  on  interstitial  positions  [3]. 
Further,  there  is  strong  evidence  indicating  that  Be 
diffuses  via  interstitial  sites  [3,7,8].  Since  a  deep  diffusion 
tail  into  the  epilayer  is  observed  after  RTA,  there  is 
definite  evidence  for  fast  interstitial  diffusion  of  Be  and 
thus  by  inference  the  related  donor  site  [7,8].  It  may 
tentatively  be  argued  that  Be  is  residing  on  an  interstitial 
site  that  leads  to  the  BEI  center.  Clearly,  further 
theoretical  investigations  will  be  necessary  to  test  this 
possibility. 


The  trap  BE3,  the  energy  level  of  which  has  been 
determined  as  £c  -  0.53  eV,  is  similar  to  the  defect  level 
was  previously  found  in  electron  irradiated  6H-SiC  by 
several  groups  [4,5].  On  the  other  hand,  Dalibor  et  al. 
observed  a  trap  labeled  as  ID?  at  £c  -0.50eV  after 
vanadium  as  well  as  titanium  implantation  followed  by 
an  annealing  process  at  1700  C  [9].  This  defect  level  was 
ascribed  to  an  implantation  induced  intrinsic  defect 
center.  Due  to  the  different  annealing  behavior,  the 
defect  associated  with  the  ID?  center  must  be  different 
from  the  one  observed  in  electron  irradiated  material. 
We  believe  that  the  BE3  and  ID?  levels  originate  from 
the  same  defect,  i.e.,  an  intrinsic  defect  center  induced  by 
the  implantation  process.  The  peak  BE2  in  the  DLTS 
spectrum  is  very  weak  and  overlapped  by  the  peak  BE3, 
which  limits  the  precision  of  the  calculated  parameters. 
Therefore,  the  question  whether  the  trap  BE2  is  to  be 
associated  with  an  implantation  induced  intrinsic  defect 
or  a  Be  induced  defect  cannot  be  answered  at  present. 

In  the  case  of  the  low-dose  Be  implanted  Al  doped  p- 
type  6H-SiC  samples,  the  Fermi-level  should  mainly  be 
controlled  by  the  acceptor  level  of  Al  dopant.  Therefore, 
the  doubly  charged  states  of  Be  may  be  observed  in  Be 
implanted  p-type  samples  by  using  DLTS  technique. 
The  energy  levels  of  BEP1  and  BEP2.  respectively  at 
£v  +  0.41  and  0.60  eV  determined  from  the  current 
experiment  are  consistent  with  the  Hall  effect  result 
determined  in  Be  diffused  6H-SiC  samples  [1].  Thus,  we 
can  conclude  that  the  BEP1  and  BEP2  traps  are 
attributed  to  the  doubly  charged  states  of  substitutional 
Be  acting  as  acceptor.  On  the  other  hand,  the  BE4  center 
located  at  £\  +  0.64  eV  from  the  p-side  of  Be  implanted 
pn  junction  may  also  arise  from  the  second  charge  state 
of  the  Be  acceptor.  The  different  measurement  techni¬ 
ques  and  purities  of  the  samples  are  assumed  to  be 
responsible  for  the  small  discrepancy  between  the  DLTS 
and  the  Hall  result  (£y  +  0.60  eV)  reported  in  the 
past  [1]. 

Considering  the  hole  trap  BEP3,  energy  level  was 
determined  to  be  0.76  eV  above  the  valence  band. 
Though  comprehensive  investigations  on  intrinsic  de¬ 
fects  in  p-type  6H-SiC  are  still  lacking,  a  defect  level 
labeled  as  H2  at  a  similar  energy  position  was  found  in 
electron  irradiated  material  by  our  group  [10].  It  was 
demonstrated  that  the  defect  associated  with  H2  anneals 
out  at  about  350°C.  As  stated  earlier,  the  current  Be 
implanted  6H-SiC  samples  were  annealed  at  tempera¬ 
ture  T=  1600  C,  the  different  thermal  annealing 
behaviors  seem  to  argue  against  the  assignment  of 
BEP3  as  H2  in  the  p-type  6H-SiC.  However,  it  should  be 
pointed  out  that  the  DLTS  signal  of  BEP3  is  very  weak 
(as  shown  in  Fig.  3),  and  the  low-dose  Be  implanted  p- 
type  samples  were  annealed  at  1600'C  for  30  s.  It  does 
not  preclude  the  possibility  that  BEP3  may  arise  from  an 
intrinsic  defect  due  to  the  very  short  annealing  duration 
used  for  the  low-dose  Be  implanted  SiC  samples. 
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The  BEP4  at  Ev  +  0.88  eV  determined  from  p-type 
sample  and  the  BE5  at  E\j  +  0.73  eV  detected  from  the 
p-side  of  pn  junction  are  determined  as  hole  traps 
induced  by  Be  implantation.  Since  there  was  no  similar 
energy  levels  observed  from  electron  irradiated  or  boron 
and  gallium  implanted  p-type  6H-SiC  experiments,  we 
assign  the  two  levels  to  be  beryllium-related  defects. 
Recently,  several  deep  Be  related  centers  were  found  by 
electron  paramagnetic  resonance  (EPR)  investigation  on 
6H-SiC  crystal  doped  by  diffusion  technique  [11].  The 
BEP4  and  BE5  centers  may  be  associated  with  these 
defects  which  were  found  to  resemble  the  deep  B  center 
in  terms  of  electronic  and  magnetic  properties  [12]. 
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Abstract 


Experimental  investigations  showed  passivation  of  the  p-type  dopants  B  and  A1  in  4H-SiC  by  the  formation  of  B  +  H 
and  A1  +  H  complexes.  The  dissociation  energies  of  these  complexes  differed  by  0.9  eV.  Ab  initio  supercell  calculations 
have  been  performed  to  investigate  the  interaction  of  H  with  B  and  A1  in  hexagonal  4H-SiC.  The  total  energy,  geometry 
and  electronic  structure  of  the  possible  complexes  have  been  determined.  Site  dependencies  have  also  been  Investigated. 
The  most  stable  configurations  were  found  with  H  at  a  bond  center  site  next  to  B  at  the  Si  site,  and  with  H  at  the 
antibonding  site  of  a  carbon  atom  which  is  first  neighbor  to  A1  at  a  Si  site.  Both  the  Bsi  +  HBC  and  the  AlSi  +  HaB 
complexes  turned  out  to  be  electrically  inactive.  The  different  structure  of  the  passivated  complexes  explains  the 
observed  difference  in  their  dissociation  energy:  the  calculated  difference  of  the  binding  energies  of  these  complexes  is 
0.9  eV,  which  agrees  well  with  the  experimental  finding.  (f;>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71. 15. Mb:  71.55.Ht;  61.72.Bb:  61.72.Ji;  6I.72.W\v 
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1.  Introduction 

Hydrogen  is  one  of  the  most  common  impurities  in 
semiconductors,  introduced  by  both  wet  and  dry  etching 
among  other  methods.  Due  to  its  ability  to  passivate 
dopants  or  to  compensate  them  by  forming  electrically 
active  centers,  its  properties  have  been  studied  in  various 
semiconductors.  Silicon  carbide  (SiC)  is  one  of  the  most 
promising  wide  band  gap  semiconductors  for  building 
high-power,  low-loss  electronic  devices.  Hydrogen  has  a 
special  importance  with  regard  to  the  doping  of  this 
semiconductor:  due  to  the  slow  diffusion  under  1300  C, 
doping  is  very  often  carried  out  in  growth.  This  is  most 
often  done  using  chemical  vapor  deposition  (CVD)  from 
precursor  molecules  (e.g.  C3HS,  SiH4,  B2H<,  or 
A1(CH^)3)  diluted  in  H2  carrier  gas,  causing  an 
unavoidable  hydrogen  contamination  in  the  epitaxially 
grown  sample. 

The  most  important  p-type  dopants  of  silicon  carbide 
are  boron  and  aluminum.  The  behavior  of  aluminum  is 
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relatively  predictable,  it  substitutes  a  silicon  atom  in  the 
lattice  (Alsi)  and  produces  a  shallow  acceptor  level 
between  E\  +  0.19— 0.25  eV  in  the  different  polytypes 

[1] .  Boron  has  been  reported  to  occupy  both  the  silicon 
and  the  carbon  site,  alas  with  preference  for  the  Si  site 

[2] .  It  produces  a  shallow  and  a  deep  acceptor  level  with 
(0/-)  occupation  levels  at  +  0.30  eV  and  ~£v  + 
0.55  eV,  respectively,  in  the  4H  polytype  [3,4].  Although 
no  conclusive  proof  has  yet  been  shown,  BSi  is  usually 
associated  with  the  shallow  acceptor. 

For  boron  doped  6H-SiC  samples  it  was  shown  with 
SIMS  (secondary  ion  mass  spectrometry)  and  PL 
(photoluminescence  spectroscopy)  [5,2]  that  hydrogen 
is  incorporated  during  epitaxial  growth.  Those  samples 
showed  strong  decrease  in  the  carrier  concentration  due 
to  hydrogen.  Experiments  introducing  hydrogen  by 
implantation  [6]  or  low-temperature  plasma  anneal  [7] 
showed  a  passivation  of  the  p-type  doping  by  the 
formation  of  A1  -f-  H  and  B  +  H  complexes.  The 
observed  dissociation  energies  for  these  complexes 
(1.61  and  2.51  eV  for  A1  +  H  and  B  +  H,  resp.  [8])  differ 
by  0.9  eV,  suggesting  that  the  atomic  configurations  of 
the  two  complexes  are  significantly  different. 
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2.  Method 

First-principles  calculations  using  the  local  density 
approximation  (LDA)  to  density-functional  theory  were 
carried  out  using  a  plane  wave  basis.  The  Ceperley- 
Alder  exchange-correlation  functional  was  used  as 
parametrized  by  Perdew  and  Zunger.  Atomic  cores  were 
represented  through  norm  conserving  Troullier-Martins 
pseudopotentials.  The  basis  included  plane  waves  with 
kinetic  energy  up  to  36  Ry.  This  makes  the  relative 
stability  of  the  calculated  complexes  converge  within 
0.05  eV.  Integration  over  the  Brillouin  zone  of  the 
supercells  was  carried  out  through  a  summation  on  the 
2x2x2  Monkhorst-Pack  (MP)  mesh.  The  defective 
solid  was  modeled  with  a  96  atom  supercell 
(2\/3  x  2y/3  x  1)  enabling  symmetry  constrained  re¬ 
laxation  of  the  atoms  within  the  first  three  shells  around 
the  defect.  The  calculation  had  been  carried  out  with  the 
FHI98MD  code  [9].  LDA  is  known  to  underestimate  the 
width  of  the  gap.  To  correct  that  a  posteriori,  the 
conduction  band  has  been  rigidly  shifted  to  reproduce 
the  experimental  gap.  Defect  levels  in  the  gap  had  been 
shifted  proportional  to  their  overlap  with  the  conduc¬ 
tion  band  states  of  the  perfect  lattice  [10].  In  the  case  of 
occupied  defect  levels,  this  gives  rise  to  a  correction  in 
the  total  energy  as  well.  Details  and  references  are  given 
in  Ref.  [11]. 


3.  Hydrogen  in  4H-SiC 

To  find  the  stable  geometry  for  the  neutral  interstitial 
hydrogen,  we  started  hydrogen  from  the  different 
antibonding  and  bond  center  positions  using  initial 
Si-H  and  C-H  distances  that  we  have  obtained  earlier 
for  interstitial  hydrogen  in  3C-SiC  [1 1].  The  most  stable 
configuration  turned  out  to  be  hydrogen  in  an  anti¬ 
bonding  position  behind  a  silicon  atom  (Habsi)-  The 
geometry  of  the  stable  configuration  is  shown  in  Fig.  1 . 


The  stable  Habsi  complex  causes  a  single  occupied  defect 
level  at  Fy  +  1 .45  eV. 

Calculation  of  the  negatively  charged  interstitial 
hydrogen  showed  hydrogen  to  be  most  stable  staying 
behind  the  silicon  atom  in  an  antibonding  position.  The 
hydrogen-silicon  distance  decreases  to  1 .76  A,  while  the 
silicon-carbon  bond  gets  weakened  by  the  additional 
electron,  and  increases  to  1 .96  A.  In  the  positively 
charged  state,  hydrogen  prefers  the  antibonding  site  of 
carbon  at  a  distance  of  1.15  A.  The  positively  charged 
hydrogen  weakens  the  bond  of  the  carbon  atoms  to  its 
silicon  neighbors:  the  bond  lengths  increase  to 
1.95-1.96  A. 

A  Comparison  of  the  total  energies  of  the  stable 
interstitial  hydrogen  complexes  in  the  different  charge 
states  (shown  in  Fig.  2)  predicts  a  negative  U  behavior 
for  hydrogen  in  4H-SiC,  with  a  (+/— )  occupation  level 
at  Ey  +  2.3  eV.  Accordingly,  interstitial  hydrogen  is  an 
amphoteric  defect  in  4H-SiC,  being  (unlike  in  3C-SiC)  a 
deep  electron  and  hole  trap  as  well.  It  is  positively 
charged  in  the  p-type  material  and,  therefore  attracted 
by  the  negatively  charged  acceptors. 

4.  Passivation  of  boron  and  aluminum  by  hydrogen 

We  have  investigated  the  complexes  of  hydrogen  with 
the  p-type  dopant  Bsi  in  4H-SiC.  Among  the  investi¬ 
gated  Bsi  +  H  complexes  those  with  hydrogen  in  a  bond 
center  position  between  the  substitutional  boron  and 
one  of  its  carbon  (Bsi  +  Hbc)  neighbor  turned  out  to  be 
most  stable.  The  geometry  for  the  complex  is  shown  in 
Fig.  3.  As  it  can  be  seen,  the  hydrogen  bonds  to  the 
carbon  atom  (having  a  typical  C-H  distance  of  ~  1 . 1  A) 
and  pushed  the  boron  in  an  almost  planar  configuration. 
All  of  these  complexes  turned  out  to  be  electrically 
inactive,  meaning  that  the  complex  has  no  level  in  the 
gap.  The  next  stable  complex  contains  hydrogen  at  an 
antibonding  position  behind  one  of  the  carbon  neigh¬ 
bors  of  the  substituting  boron. 


Fig.  1.  Geometry  of  the  BUb*  complex. 
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Fig.  2.  Stability  of  the  charge  states  of  interstitial  atomic  H 
with  respect  to  the  neutral  state  in  4H-SiC  as  a  function  of  the 
Fermi  level  in  the  gap. 
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Fig.  3.  Geometry  of  the  B.si  +  H»(  complex. 


Fig.  4.  Geometry  of  the  Als,  +  H  complex. 


To  investigate  the  interaction  of  hydrogen  with 
aluminum  in  4H-SiC,  we  performed  a  similar  calcula¬ 
tion  for  aluminum  as  for  boron.  In  the  energetically 
most  favorable  complex,  the  hydrogen  is  at  an 
antibonding  position  to  one  of  the  first  neighbor  carbon 
atoms  of  the  substituting  aluminum  (AISi  +  H,\h<  ).  The 
geometry  of  this  complex  is  shown  in  Fig.  4.  The 
hydrogen  bonds  here  also  to  the  carbon  atom,  however, 
from  the  antibonding  site.  The  AlSi  +  Hue  configura¬ 
tion,  containing  a  bond  center  hydrogen  between  the  A1 
and  the  C  atom  is  less  stable,  the  difference  to  the  Alsi  + 
H.\b(  complex  is  about  0.3  eV.  Obviously,  hydrogen 
would  prefer  to  have  a  bond  center  position,  to  have  a 
“normal”  bond  with  carbon  as  in  the  case  of  boron,  but 
since  aluminum  is  too  big,  this  configuration  involves 
too  much  relaxation,  making  it  energetically  less 
favorable.  Similar  to  boron,  the  complex  forming  with 
hydrogen  causes  passivation  of  Al,  since  all  of  these 
complexes  turned  out  to  be  electrically  inactive. 


5.  Dissociation  of  the  dopant-hydrogen  complexes 

To  calculate  the  dissociation  energy  of  the  passivated 
complexes,  one  has  to  consider  that  hydrogen  is 


positively  charged  in  p-type  silicon  carbide,  while  the 
acceptors  are  negative.  Therefore,  the  reaction  for  the 
dissociation  would  be 

(*  +  H)°-(Ar +(nr,  (i) 

where  the  variable  X  stands  for  the  different  p-type 
dopants  (B  and  Al  in  our  case).  By  subtracting  from  the 
sum  of  the  total  energies  of  the  dopant  X  in  the  negative 
charge  state  and  the  hydrogen  in  the  positive  charge 
state  the  sum  of  the  total  energies  of  a  neutral  X  +  H 
complex  and  a  perfect  supercell,  one  obtains  the  binding 
energy  which  is  a  lower  limit  for  the  dissociation 
energies.  (The  dissociation  energy  is  equal  to  the  binding 
energy  plus  the  activation  energy  of  the  diffusion.) 

By  calculating  the  binding  energy  for  the  BSj  +  Hbc 
and  the  AlSi  +  H,\b<  complexes  in  this  way  we  obtain  1 .6 
and  0.7  eV,  respectively.  The  difference  between  them 
can  be  explained  with  the  bonding  configuration  of 
hydrogen:  in  the  case  of  BSj  +  H,  hydrogen  is  the  fourth 
neighbor  of  the  more  or  less  tetrahedral  coordinated 
carbon  atom,  giving  rise  to  a  strong  C-H  bond,  while  in 
the  case  of  aluminum,  hydrogen  bonds  w'eakly  to  the 
carbon  atom  from  an  antibonding  position. 

The  experimental  values  for  the  dissociation  energy 
are  2.51  and  1.61  eV  for  B  and  Al,  respectively.  The 
difference  to  our  binding  energies  are  0.9  eV  in  both 
cases.  This  value  can  be  interpreted  as  an  approximate 
activation  energy  of  diffusion.  (For  neutral  H  Kaukonen 
et  al.  have  obtained  a  migration  barrier  of  0.7  eV, 
Ref.  [12]).  The  difference  of  the  binding  energies  are 
equal  to  the  observed  difference  of  dissociation  energies. 

6.  Summary 

Using  ab  initio  LDA  supercell  calculations  we 
investigated  the  interaction  of  hydrogen  with  the  boron 
and  aluminum  dopants  in  4H-SiC.  We  showed  that  the 
interstitial  hydrogen  has  a  negative  U  behavior  in  4H- 
SiC  and  is  a  deep  electron  and  hole  trap.  In  p-type  SiC  it 
is  positively  charged  and,  therefore  attracted  by  the 
negatively  charged  boron  and  aluminum  dopants.  Our 
calculations  showed  that  these  dopants  can  be  passi¬ 
vated  by  forming  complexes  with  the  hydrogen.  The 
difference  in  the  structures  of  the  most  stable  electrically 
inactive  BSj  +  HBc  and  Alsi  +  HAb<  complexes  ex¬ 
plain  the  experimentally  observed  difference  between 
the  dissociation  energies  of  the  B  +  H  and  Al  -f  H 
complexes. 
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Abstract 

In  this  work  we  perform  a  theoretical  investigation  on  the  atomic  structure,  atomic  geometry,  and  formation  energy 
of  isolated  substitutional  and  interstitial  Ti  impurities  in  cubic  silicon  carbide  (3C-SiC),  using  the  spin-polarized  full- 
potential  linearized  augmented  plane  wave  method.  For  each  configuration,  the  atoms  around  the  impurity  site  are 
allowed  to  relax  without  any  constraints,  following  the  damped  Newton  dynamics  scheme.  The  overall  structural 
stability  is  analyzed  in  the  light  of  the  electronic  structure  and  the  bonding  features,  (C  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  71.55.— i:  71.55.Ht 

Keywords:  Transition  metals;  Silicon  carbide;  Ab  initio  methods 


1.  Introduction 

Silicon  carbide  (SiC)  is  a  wide  band  gap  semiconduc¬ 
tor  that  is  finding  a  place  which  is  difficult  to  fill  with  the 
presently  available  Si  or  GaAs  technology.  One  of  the 
aspects  that  makes  SiC  fascinating  from  a  fundamental 
point  of  view  is  that  in  some  sense  SiC  is  not  a  single 
semiconductor  but  a  whole  class  of  semiconductors 
because  of  its  polytypism  [1].  The  material  can  crystallize 
in  many  different  but  closely  related  crystal  structures. 
Since  its  discovery  [2].  more  than  200  polytypes  have 
been  determined  [3].  The  most  extreme  poly  types  are  the 
zinc-blende  3C~SiC  with  pure  cubic  stacking  of  Si-C 
bilayers  in  the  [111]  direction  and  the  wurtzite  2H-SiC 
with  pure  hexagonal  stacking  in  the  [000  1]  direction. 
The  pure  crystals  indirect  band  gap  varies  in  the  range  of 
2.4 eV  for  3C-SiC  to  3.3  eV  for  2H~SiC.  Due  to  the 
existence  of  these  polytypes,  a  variety  of  impurity  sites 
exist  since  there  are  twro  different  sublattices  and  no 
equivalent  cubic  (k)  and  hexagonal  (h)  sites  in  the 
sublattices.  It  is  known  that  not  only  the  electronic 
properties  of  SiC  crystals  are  influenced  by  the  different 
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stacking  order  but  also  those  of  the  defects  and 
impurities. 

The  study  of  3d"  transition  metal  (TM)  point  defects 
in  SiC  is  very  important  because  they  can  be  incorpo¬ 
rated  in  SiC  by  doping  or  can  be  present  in  the  material 
as  residual  impurities  [4,5]  and,  as  in  Si,  they  play  an 
important  role  in  the  crystal  electric  and  magnetic 
properties.  The  TM  impurity  properties  would  vary  if  it 
is  built  in  C  or  Si  sites  or  in  an  interstitial  site,  and  vary 
also  from  polytype  to  polytype. 

Theoretically,  there  are  few  studies  involving  TM 
impurities  in  SiC.  The  aim  of  this  work  is  to  describe  the 
electronic  and  atomic  structure,  the  spin  state,  and  the 
energetics  for  the  Ti  impurity  in  3C-SiC.  In  order  to 
understand  the  effects  of  the  Ti  impurity  in  the  material 
properties  we  studied,  using  a  total  energy  method  with 
atomic  relaxation,  isolated  substitutional  Ti  impurity  in 
a  Si  site  (Ti^‘)  and  in  a  C  site  (Ti* ),  as  well  as  tetrahedral 
interstitial  isolated  Ti  impurity  surrounded  by  four  C 
atoms  (Tij")  and  surrounded  by  four  Si  atoms  (Tif1)  in 
3C-SiC.  A  54-atom  supercell  approach  is  used  to 
describe  the  impurity  located  in  different  atomic  and 
interstitial  sites.  The  calculations  are  performed  within 
the  framework  of  the  density  functional  theory  (DFT) 
[6,7],  using  the  full-potential  linearized  augmented  plane 
wave  (FP-LAPW)  method  [8],  implemented  into  the 
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package  WIEN97  [9],  using  the  exchange-correlation 
potential  of  Perdew  et  al.  [10]. 


2.  Results 

2.1.  Perfect  crystal  3C-SiC 

The  properties  of  the  zinc-blende  3C-SiC  material 
parameters  are  obtained  using  RKmax  =  8,  the  smallest 
muffin-tin  radius  of  the  host  atoms  times  the  largest 
reciprocal  lattice  vector  in  plane  wave  expansion 
(i?si  =  l-5flo  and  Rc  =  that  corresponds  to  a 

cutoff  energy  of  44  Ry.  In  the  atomic  regions  a  spherical 
harmonic  basis  set  is  used  with  azimutal  quantum 
number  up  to  /=10  and  a  nonspherical  contribution 
up  to  *fns  =  4.  The  carbon  1  s  wave  function  and  the 
silicon  Is,  2s  wave  functions  are  considered  as  core 
states.  The  k-mesh  in  the  full  Brillouin  zone  (BZ) 
consists  of  6  x  6  x  6  Monkhorst-Pack  points,  which  are 
reduced  to  28  k  points  in  the  irreducible  edge  of  the  BZ. 
The  self-consistent  iterations  were  considered  to  be 
converged  when  both  the  total  energy  and  the  total 
charge  in  the  atomic  spheres  were  stable  within  lCT4eV 
per  unit  cell  and  10-4  electron  charges  per  atom, 
respectively.  Minimizing  the  total  energy  with  respect 
to  changes  in  the  volume  of  the  unit  cell,  the  computed 
primitive  3C-SiC  unit  cell  constant  is  a  =  4.38  A.  The 
obtained  energy/SiC  is  —656.304  Ry. 

The  computed  electronic  and  structural  properties  of 
3C-SiC,  using  the  optimized  lattice  parameter,  are 
shown  in  Table  1  and  are  in  good  agreement  with 
experiments  [11]. 

For  the  perfect  supercell,  convergence  with  respect  to 
k  points  was  checked.  It  was  used  the  T,  L  and  a  2  x 
2x2  grid  for  k-space  integrations  and  no  difference  in 
the  electronic  properties  of  the  material  was  verified  and 
the  total  energy  was  converged  within  0.02  eV/atom.  We 
must  note  that  27  points  of  the  unit  cell  BZ  are  sampled 
in  just  one  point.  The  points  1  T,  6  A  (|,0, 0),  12  £ 
(f»3»0),  and  8  A  (5,^,5)  of  the  unit  cell  BZ  are  all 
equivalent  to  the  T  point  of  the  54-atom  supercell  BZ. 
All  properties  displayed  in  Table  1,  for  the  unit  cell,  are 
reproduced  by  the  perfect  supercell. 


2.2.  Electronic  structure  of  Ti  impurities 

For  an  impurity  supercell  with  a  Ti  impurity,  the  self- 
consistent  iterations  were  considered  to  be  converged 
when  both  the  total  energy  and  the  total  charge  in  the 
atomic  spheres  were  stable  within  10~4eV  and  10~5 
electron  charges  per  atom,  respectively.  The  atoms  were 
assumed  to  be  in  their  fully  relaxed  positions  when  the 
forces  acting  on  ions  were  smaller  than  0.05  eV/A. 

Fig.  1  displays,  schematically,  the  impurity-induced 
energy  levels  based  on  Kohn-Sham  eigenvalues  for  the 
neutral  Tip1,  Ti^,  Tip1,  and  Tip  centers  at  F.  The  full  lines 
indicate  the  energy  level  with  ‘up’  spin  and  the  dotted 
lines  with  ‘down’  spin.  The  occupation  of  the  energy 
levels  is  represented  by  the  numbers  of  ]  (spin  up)  and  J, 
(spin  down)  arrows,  respectively.  In  the  crystal  field,  the 
Ti  3d-derived  states  split  into  twofold  degenerate  e  levels 
and  threefold  degenerate  t?  levels,  which  are  displayed  in 
Fig.  1. 

The  Tip1  center  (substitutional  Ti  impurity  in  the  Si 
site)  introduces  no  energy  levels  in  the  band  gap  region. 
The  energy  levels  related  to  Ti  impurity  are  unoccupied 
resonant  levels  in  the  conduction  band,  where  the  e 
energy  levels  lie  below  the  t2  energy  levels.  Therefore, 
when  a  Si  atom  is  replaced  by  a  Ti  atom,  the  latter 
undergoes  a  p-d  hybridization,  bonding  to  the  nearest- 
neighbor  C  atoms,  causing  the  band  structure  of  the  3C- 
SiC  material  to  be  restored.  Furthermore,  we  can  say 
that  the  Tip1  center  reconstructs  the  Si  vacancy 
dangling  bonds,  showing  little  influence  in  the  band 
structure  of  the  perfect  material.  On  the  other  hand, 
one  can  understand  these  results  on  comparing 
them  with  the  electronic  structure  of  a  substitutional 
Ti  impurity  in  diamond  [12]  that  shows  no  energy 
levels  in  the  band  gap.  As  the  Ti  impurity  replacing 
a  Si  atom  in  3C-SiC  has  four  C  atoms  as  nearest- 
neighbors,  its  electronic  structure  is  quite  similar  to 
that  of  the  substitutional  Ti  impurity  in  diamond. 
The  Ti  atom,  which  has  an  electronegativity  similar  to 
that  of  a  Si  atom  and  smaller  than  that  of  a  C  atom, 
interacts  mainly  with  the  nearest-neighbor  C  atoms 
through  a  p-d  hybridization.  The  neutral  Tip1  center 
shows  a  closed-shell  configuration,  leading  to  an 
effective  spin  S  =  0.  The  point  structure  of  the  center 
has  a  Ta  symmetry  with  a  small  relaxation  where  the 


Table  1 

Electronic  properties  of  3C-SiC;i 


a  (A) 

Fg  (eV) 

B  (Mbar) 

Ew B  (eV) 

Ec  (eV) 

Es 0  (meV) 

4.38 

1.32 

2.2 

15.4 

12.9 

13 

Exp. 

4.36 

2.46 

2.24 

«  15 

12.67 

10.3 

a  Lattice  parameter  a,  energy  band  gap,  Eg;  bulk  modulus,  B;  valence  bandwidth,  £Vb;  cohesive  energy,  Ec;  spin-orbit  splitting,  Eso. 
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Fig.  1.  Schematic  representation  of  the  Ti  3d-rclatcd  impurity 
energy  levels,  in  the  band  gap  region  for  the  neutral  Ti*',  Ti* , 
Ti* ,  and  Ti*5  centers  at  V  (Es  =  2.4eV).  The  full  lines  indicate 
the  energy  levels  with  ‘up'  spin  and  the  dotted  lines  with  ‘down" 
spin.  The  occupation  of  the  energy  levels  is  represented  by  the 
numbers  of  |  (spin  up)  and  [  (spin  down)  arrows,  respectively. 


four  nearest-neighbor  C  atoms  undergo  an  outward 
relaxation  of  0.1  A. 

The  Ti^  center  (substitutional  Ti  impurity  in  the  C 
site)  introduces  totally  occupied  t:  energy  levels  in  the 
band  gap  region  and  resonant  unoccupied  e  energy 
levels  in  the  conduction  band.  Therefore,  when  a  C  atom 
is  replaced  by  a  Ti  atom,  the  latter  does  not  bond  to  the 
four  nearest-neighbor  Si  atoms  and  does  not  reconstruct 
the  C  vacancy  dangling  bonds.  Therefore,  different  from 
the  substitutional  Ti  impurity  in  Si  crystal  [13],  the 
interactions  between  Ti  and  the  nearest-neighbor  C 
atoms  cause  a  crystal  field  splitting  so  that  the  b  energy 
levels  lie  below  the  e  levels.  The  neutral  TiJ  center  shows 
a  closed-shell  configuration,  leading  to  an  effective  spin 
5  =  0.  The  point  symmetry  of  the  center  is  Tti  where  the 
four  nearest-neighbor  Si  atoms  and  the  12  near-nearest- 
neighbor  C  atoms  show  an  outward  relaxation  of  0.5 
and  0.1  A.  respectively. 

The  Ti*1  center  (interstitial  Ti  impurity  tetrahedrally 
surrounded  by  four  Si  atoms)  introduces  occupied  t2 
energy  levels,  with  up  spin,  and  partially  occupied  b 
energy  level,  with  down  spin,  in  the  band  gap  region, 
and  resonant  unoccupied  e  energy  levels  with  up  and 
down  spins  in  the  conduction  band.  This  center  shows  a 
low-spin  configuration  with  an  effective  spin  S  =  1.  The 
center  point  symmetry  is  approximately  Tti  where  the 
four  nearest-neighbor  Si  atoms  and  the  six  near-nearest- 
neighbor  C  atoms  show  an  outward  relaxation  of  0.2 
and  0.1  A,  respectively. 

The  Tif7  center  (interstitial  Ti  impurity  tetrahedrally 
surrounded  by  four  C  atoms)  introduces  degenerate 
energy  levels,  t2  +  e,  with  spin  up.  in  the  band  gap 
region  (Ti  3d-related  state)  and  unoccupied  energy 
levels,  with  down  spin,  in  the  conduction  band.  The 
crystal  field  splitting  is  practically  null  and  the  center 


shows  a  high-spin  configuration  with  an  effective  spin 
5  —  2.  The  center  point  symmetry  is  approximately  Tti 
where  the  four  nearest-neighbor  C  atoms  and  the  six 
near-nearest-neighbor  Si  atoms  show  an  outward 
relaxation  of  0.1  and  0.2  A,  respectively. 

2.3.  Impurity  formal  ion  energies  and  chemical  potentials 

At  equilibrium  and  in  the  dilute  limit,  the  concentra¬ 
tion  of  an  impurity  in  a  crystal  depends  upon  its  free 
energy  of  formation 

[A]  =  Aviles  expj-AGr/A'BT},  (1) 

where  A^silcs  is  the  number  of  sites,  per  unit  volume,  in 
the  crystal  where  the  impurity  can  occur,  AB  is  the 
Boltzmann  constant,  T  is  the  temperature,  and  A G,  is 
given  by 

AG,  =  A Ef  -  T A5f  +  PA  Vf.  (2) 

Here,  A£p  is  the  total  energy  variation.  A5,  and  AFf  are 
the  entropy  and  volume  variation  when  the  impurity  is 
introduced  into  the  system  under  pressure  P. 

The  formation  energy  of  a  charged  point  defect  in 
SiC,  A  Ef  is  computed  as 

A £/'  =  EOlSi.HtVlTiitf)  -  HsiPsi  -  fklk 

“"TiPTi  -</(/<,  +  £l  X  (3) 

where  E(ns\,nc,nTl,q)  is  the  total  supercell  energy  with 
»si  silicon  atoms,  nc  carbon  atoms,  and  //Ti  Ti  impurity 
atoms;  /*si,  pc,  and  /<Ti  are  the  external  chemical 
potentials  for  Si,  C,  and  Ti,  respectively;  q  is  the  charge 
state  of  the  defect.  The  electron  chemical  potential  pc 
gives  the  position  of  the  Fermi  level  in  the  band  gap 
relative  to  the  top  of  the  valence  band  £v.  Silicon  and 
carbon  chemical  potentials  are  not  independent  but  are 
under  the  constraint 

Psi  +  llC  =  PsiQRutk)  (4) 

that  represents  the  equilibrium  of  a  pair  of  atoms  in  the 
SiC  crystal.  /<sic<buiki  is  the  chemical  potential  of  the  SiC 
pair  in  the  bulk  SiC  compound.  The  allowed  range  of  /*si 
and  pc  is  determined  from  the  heat  formation  A//t 
defined  as 

A//|Sl(  =  PsiOBtilkl  ~  PsilBulk,  “  PuBulk)'  (5) 

where  /<Si(Buiki  and  /'c  ( Bulk)  are  the  total  energies  per  atom 
for  Si  and  C  crystals  in  the  diamond  structure, 
respectively.  The  calculated  heat  formation  energy  for 
SiC  is  -0.59eV/SiC.  This  value  is  in  good  agreement 
with  the  experimental  -0.68eV/SiC  enthalpy  of  forma¬ 
tion  [1 1],  In  accordance  with  the  preparation  condition, 
the  Si  and  C  chemical  potentials  fluctuations  vary 
according  to 

Ksi  —  /*Si(Bulk)  +  /A //p,C  ,  (6) 

llC  —  /*(’( Bulk)  +  (1  ”  /.)A//,S|C 


(7) 
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Table  2 

Formation  energies  (A£V),  in  units  ofeV,  of  the  Ti  impurity  in 
3C-SiC  for  different  sites 


Impurity 

A-Ef  (^Si  =  ^Si(Bulk)) 

A E{  (jxSi  =  Msi(Buik)  +  Atfsic) 

Tif 

6.9 

6.9 

T £ 

14.1 

15.3 

T>f 

15.5 

16.1 

Tif 

16.0 

16.6 

X  being  a  parameter  ranging  from  0  (Si-rich  condition) 
to  1  (C-rich  condition). 

Table  2  presents  the  formation  energies  (AFf)  of  the 
Ti  impurity  in  3C-SiC,  in  the  limits  of  the  silicon 
chemical  potential,  for  different  sites. 

The  results  indicate  that  the  substitutional  sites  are 
more  stable  than  the  interstitial  ones  and  that  substitu¬ 
tional  Ti  is  more  favorable  in  the  Si  sublattice  than  in  the 
C  sublattice. 


3.  Conclusion 

We  have  performed  ab  initio  total  energy  calculations 
of  isolated  Ti  impurities  in  3C-SiC,  using  the  FP-LAPW 
method,  the  damped  Newton  dynamics  scheme,  and  the 
supercell  approach. 

The  electronic  structure  results  show  that  the  bonding 
features  are  quite  different  for  the  substitutional  Ti 
impurity  if  it  is  built  in  Si  or  C  sites.  The  Ti^1  center 
reconstructs  the  Si  vacancy  dangling  bonds  and  shows 
no  energy  levels  in  the  band  gap.  On  the  other  hand,  the 
t£  center  does  not  reconstruct  the  C  vacancy  dangling 
bonds,  showing  fully  occupied  t2  energy  levels  in  the 
band  gap  region.  For  the  interstitial  Ti  impurities  the 
results  show  that  when  Ti  impurity  is  surrounded 
tetrahedrally  by  Si  atoms  (Tip1)  the  exchange  splitting 
drives  the  center  to  a  low-spin  configuration  while  for 
the  Ti  impurity  surrounded  tetrahedrally  by  C  atoms 
(Tip)  the  crystal  field  splitting  is  practically  null  and  the 
exchange  splitting  drives  the  center  to  a  high-spin 
configuration.  Although  the  relaxations  are  small  for 
all  centers  studied  here,  our  results  show  that  they  are 
important  to  compute  values  related  to  hyperfine 
parameters. 


The  formation  energy  results  indicate  that  the  Ti 
impurity  in  3C-SiC  in  substitutional  sites  are  more 
stable  than  in  interstitial  sites.  Moreover,  the  Si  site 
sublattice  is  the  more  stable  one. 

We  can  conclude  from  our  results  that  isolated  Ti 
impurity  in  3C-SiC  crystal  is  more  stable  as  a 
substitutional  impurity  in  the  Si  sublattice  and,  in  this 
microscopic  structure,  it  presents  no  band  gap  energy 
levels,  in  agreement  with  experimental  evidences  [14]. 
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Abstract 

6H-SiC  bulk  single  crystals  grown  by  physical  vapor  transport  (PVT)  were  investigated  by  deep-level  transient 
spectroscopy  (DLTS)  and  electron  paramagnetic  resonance  (EPR).  One  of  the  observed  deep  level  defects  was  identified 
as  isolated  tungsten  on  Si  sites  by  EPR.  The  electron  spin  of  \  could  be  explained  by  W*'' 1  (5d 1 ).  This  is  equivalent  to  the 
single  positive  charge  state  of  a  double  donor  when  taking  into  account  the  Fermi  level  position  in  the  n-type  samples. 
The  interpretation  is  also  consistent  with  the  DLTS  detection  of  a  W  related  deep  level  which  showed  a  behavior  of  the 
capture  of  electrons  and  holes  that  hints  at  a  double  donor.  In  addition  a  tantalum  related  deep  level  is  tentatively 
discussed.  W  and  Ta  were  incorporated  on  electrically  active  sites  in  6H-SiC  only  in  low  concentrations 
(2-4  x  10,4cm  ?)  during  crystal  growth  by  PVT.  £  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Ss;  71.55.Hl:  78.30.He 

Keywords:  6H-SiC:  DLTS:  EPR:  Tungsten;  Tantalum 


1.  Introduction 

The  high  temperatures  during  the  PVT  growth  of  6H- 
SiC  crystals  bear  the  risk  of  unintentional  impurity 
incorporation  and  incomplete  annihilation  of  intrinsic 
point  defects.  Many  of  these  impurities  and  defects  form 
deep  levels  which  can  alter  the  electrical  properties  of  the 
crystal  by  their  action  as  compensation  or  recombina¬ 
tion  centers.  Therefore,  we  investigated  our  6H-SiC  PVT 
crystals  by  DLTS  and  EPR  to  find  out  which  deep  levels 
are  present,  their  concentration  and  electrical  para¬ 
meters  as  well  as  their  structural  and  chemical  identity. 
Especially,  we  were  interested  if  tungsten  and  tantalum, 
which  are  potential  impurities  in  our  crystal  growth 
process,  were  incorporated  as  deep  level  defects.  Recent 
investigations  of  W  and  Ta  implanted  SiC  by  radiotracer 
DLTS  revealed  deep  levels  which  could  unambiguously 
assigned  to  W  and  Ta  related  defects,  respectively  [1,2]. 


"“Corresponding  author.  Tel.:  +49-30-6392-3090:  fax:  +  49- 
30-6392-3003. 

E-mail  address:  irmscherffl  ik/.-berl in.de  (K.  Irmscher). 


However,  such  experiments  cannot  prove  whether  the 
chemically  identified  impurity  is  incorporated  on  a 
substitutional  or  an  interstitial  site,  and  if  it  is  isolated 
or  associated  with  other  defects. 

We  report  about  the  EPR  identification  of  W  substitut¬ 
ing  for  Si  in  6H-SiC  and  its  assignation  to  a  deep  double 
donor  level  for  the  first  time.  A  tentative  correlation  of  the 
measurements  in  the  case  of  Ta  is  also  given. 

2.  Experimental  details 

6H-SiC  bulk  single  crystals  30mm  in  diameter  were 
grown  by  physical  vapor  transport  using  6H(000  l)-SiC 
seeds  with  about  3^  off-orientation.  The  sublimation  of 
the  SiC  source  took  place  at  about  2200'C  in  an 
inductively  heated  crucible  made  of  graphite  [3].  For  the 
most  investigated  crystal  of  this  report  5  wt%  of  metallic 
tantalum  was  added  to  the  source  powder  without 
deterioration  of  the  resulting  crystal  quality.  Further¬ 
more,  this  crystal  was  only  unintentionally  doped  with 
nitrogen  and  we  obtained  n-type  samples  in  the  mid 
10,6cm  3  range. 


092 1  -4526/0 1  /S  -  see  front  matter  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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The  DLTS  measurements  were  performed  using  a 
commercial  digital  system  in  the  capacitance  detecting 
mode  (DL8000,  BioRad)  equipped  with  a  liquid  nitro¬ 
gen  cryostat  for  temperature  scans  from  90  to  550  K.  We 
have  extended  the  system  by  an  ultraviolet  laser 
excitation  source  (Crystal  GmbH)  emitting  at  a  wave¬ 
length  of  355  nm  to  enable  minority  carrier  pulses.  As 
test  structures  semitransparent  Schottky  contacts  ob¬ 
tained  by  Ni  evaporation  were  used. 

The  EPR  spectrometer  (ESP300E,  Bruker)  works  at 
X-band  (9.4  GHz).  The  sample  temperature  can  be 
varied  between  4  and  300  K  by  means  of  a  helium-flow 
cryostat  (Oxford  Instruments). 


3.  Results  and  discussion 

3.1.  EPR 

In  the  EPR  spectra  the  shallow  nitrogen  donor  signals 
dominated  and  the  known  resonances  of  transition 
metals  (TM’s)  in  SiC  [4,5]  could  not  be  detected.  The 
latter  was  not  surprising  since  former  studies  of  the 
incorporation  of  selected  TM’s  in  our  crystals  revealed 
only  low  chemical  concentrations,  e.g.  for  vanadium 
around  10,4cm~3  [6]. 

Fig.  1(a)  shows  a  typical  EPR  spectrum  without 
illumination  of  the  sample  for  the  direction  of  the  static 
magnetic  induction  B  parallel  to  the  c-axis  of  the  crystal. 
At  the  measurement  temperature  of  4K  and  the  used 
microwave  power  (0.2  mW)  the  N  donor  signal  is 
strongly  suppressed  by  saturation  and  an  extremely 
narrow  line  (peak-to-peak  line  width  of  about  0.03  mT) 
labeled  W5+  is  visible  at  a  resonance  field  of  335.7  mT. 
There  are  further  lines,  which  could  not  be  analysed  up 
to  now  because  of  their  low  intensities  for  arbitrary 
directions  of  the  magnetic  induction.  However  the  pair 


of  line  groups  labeled  Ta3+?  at  about  320  and  350  mT, 
respectively,  most  probably  originates  from  a  defect  with 
an  electron  spin  S  =  1,  an  axial  fine  structure  and  a 
complicated  hyperfine  interaction.  These  characteristics 
are  to  be  expected  for  the  18ITa  isotope  (natural 
abundance  of  nearly  100%)  with  nuclear  spin  I  =  1 
and  a  very  large  nuclear  electric  quadrupole  moment. 
The  effect  of  near  band  gap  light  on  the  EPR  spectrum  is 
shown  in  Fig.  1(b).  The  lines  of  W5+  and  Ta3+?  almost 
disappear  whereas  new  ones  arise.  This  behavior  proves 
that  the  underlying  defects  possess  energy  levels  within 
the  band  gap.  Among  the  new  resonances  the  ones  at 
about  302  and  368  mT  labeled  W4+?  can  be  described  by 
a  spin  S  =  \.  The  identities  suggested  by  the  labels  with 
question  marks  are  only  working  hypotheses  and  need 
justification  by  further  investigations. 

Fig.  2  shows  the  spectrum  of  W5+  for  B  parallel  to  c 
on  an  expanded  scale.  The  central  line  exhibits  an 
additional  structure,  which  is  assumed  to  arise  from  a 
super  hyperfine  (shf)  interaction  with  ligand  nuclei.  The 
pair  of  outer  lines,  on  which  this  shf  structure  is  also 
present,  is  thought  to  be  a  result  of  a  hyperfine  (hf) 
interaction  of  the  electron  spin  of  an  impurity  ion  with 
its  own  nuclear  magnetic  moment.  The  ratio  of  the  sum 
of  the  two  outer  line  intensities  to  the  total  intensity,  i.e. 
central  line  plus  two  outer  lines,  amounts  to  14.3%. 
Among  the  impurities  which  are  possible  candidates  for 
an  unintentional  incorporation  during  crystal  growth 
only  tungsten  has  an  isotope  (183W)  with  nuclear  spin 
I  =  \  and  a  natural  abundance  of  14.3%  while  the  other 
W  isotopes  (with  even  numbered  atomic  masses)  have 
zero  nuclear  spin.  Therefore  tungsten  is  the  most 
probable  chemical  identification  of  the  impurity  in 
question.  Concerning  the  electron  spin,  we  can  conclude 
from  the  anistropy  of  the  spectrum  and  the  missing  fine 
structure  that  it  must  be  S  =  The  incorporation  of  W 
on  interstitial  sites  or  on  substitutional  carbon  sites  is 
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Fig.  1.  Typical  EPR  spectrum  of  an  as-grown  6H-SiC  crystal 
for  the  direction  of  the  static  magnetic  induction  parallel  to  the 
c-axis,  (a)  without  illumination  and  (b)  with  near  band  gap  light 
excitation. 


Fig.  2.  Measured  (solid  line)  and  simulated  (dashed  line)  EPR 
spectrum  of  W5+  on  a  Si  site  in  6H-SiC.  The  calculated  stick 
spectrum  (bottom)  was  convoluted  with  Lorentzian  lines  of 
0.036  mT  peak-to-peak  width. 
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incompatible  with  the  observed  shf  structure  as  checked 
by  trial  simulations  of  the  spectrum.  Hence,  W 
substituting  for  Si  is  more  obvious.  Then  four  electrons 
are  spent  for  the  bonds  and  the  5d 1  electron  configura¬ 
tion  of  W5  4  can  be  assumed  in  agreement  with  S  = 
This  is  equivalent  to  the  single  positive  charge  state  of  a 
donor.  All  features  of  the  spectrum  can  be  adequately 
described  by  the  spin  Hamiltonian 

*_w 

H  =  g  S  +  S  A  Iw 

12,  ~Si  /  4  \ 

+  £sA,I^+£sA,lfj  (1) 

and  S  =  The  first  term  describes  the  electronic 
Zeeman  interaction  and  determines  the  anisotropy  of 
the  central  resonance  line.  The  hf  interaction  with  the 
IK3W  nucleus  is  represented  by  the  second  term  of 
Eq.  (1)  and  accounts  for  that  14.3%  of  the  total  line 
intensity  is  split  into  two  lines.  The  third  term  contains 
the  shf  interaction  with  the  nuclear  spin  possessing 
isotopes  of  the  12  next-nearest  Si  neighbors  which  gives 
rise  to  the  substructure  of  the  resonance  lines  when 
taking  into  account  that  in  natural  composition  only 
4.7%  of  the  Si  isotopes  have  a  nuclear  spin  (2ySi).  The 
shf  interaction  with  the  four  nearest  C  neighbors, 
included  in  Eq.  (1)  by  the  term  in  parentheses,  could 
not  be  detected  because  of  too  low  intensity  compared  to 
the  N  donor  background  signal.  Only  the  nuclei  of  the 
isotope  13C  (natural  abundance  1.1  %,  /  —  f )  take  part  in 
this  interaction.  The  parameters  of  the  spin  Hamiltonian 
are  summarized  in  Table  1.  For  the  simulation  of  the 
spectrum  (Fig.  2)  it  was.  compatible  with  B||c\  necessary 
to  divide  the  12  next-nearest  Si  neighbors  into  two 
groups  of  6  magnetically  equivalent  atoms  in  each  case 
with  shf  splitting  constants  of  0.13  and  0.18mT, 
respectively. 

3.2.  DLTS 

In  Fig.  3  a  typical  DLTS  spectrum  of  an  as-grown  6H- 
SiC  crystal,  the  same  one  as  investigated  by  EPR,  is 
shown  for  a  time  window  of  20  ms,  which  corresponds  to 
an  emission  time  constant  of  about  8  ms  at  the  DLTS 
peak  maximum.  Most  of  the  observed  deep  levels  have 
already  been  reported  by  other  authors  [7,8].  The 
activation  energies  and  capture  cross  sections  were 


Table  1 

Spin  Hamiltonian  parameters  of  W5  in  6H-SiC 


G 

^(,wW)  (mT) 

ACJ,Si)  (mT) 

B\\c 

2.0023 

0.947 

0.13  0.18 

Blc 

2.0035 

0.91 

0.15 

Fig.  3.  Typical  DLTS  spectrum  of  an  as-grown  6H-SiC  crystal 
in  comparison  to  a  spectrum  obtained  when  UV  light  pulses 
were  included  in  the  excitation  and  to  simulations. 


Table  2 


Parameters  of  the  deep  levels  observed  in  as-grown,  n-type  6H- 
SiC  crystals 


Peak 

£<  -  E  [ 

AT 

Related 

(eV) 

(10  14  cm2) 

(10l4cm  ■) 

defects 

1 

0.28 

2 

2.4 

0 

2 

0.42 

1-2 

33 

E\  /E->  [7.8] 

3 

0.49 

1-2 

4.5 

Ta  [2] 

4 

0.69 

1-2 

5.3 

Z\/Z2  [7] 

5 

0.95 

1-2 

1.6 

•> 

6 

1.16 

14-18 

2.3 

W  [1.2] 

7 

1.23 

4-6 

31 

R  [7,8] 

obtained  from  an  Arrhenius  plot  analysis.  The  trap 
concentrations  were  corrected  for  the  influence  of  the  so- 
called  transition  region.  These  data  are  summarized  in 
Table  2  together  with  possible  defect  assignations.  The 
deep  levels  E\/E2 ,  Z\/Z2  and  R  are  most  probably 
related  to  intrinsic  defects  [7,8],  whereas  the  temperature 
positions  labeled  Ta  and  W  in  Fig.  3  were  proven  to  be 
the  peak  positions  of  tantalum  and  tungsten  related 
defects,  respectively  [1,2].  Since  Ta  and  W  related  defects 
could  not  completely  identified  by  the  experimental 
DLTS  spectrum  simulations  based  on  the  deep  level 
parameters  (Table  2)  were  carried  out.  In  Fig.  3  the 
simulation,  including  all  deep  levels  for  which  a 
parameter  evaluation  was  possible,  shows  that  the 
shoulder  at  about  240  K  can  be  assigned  to  the  Ta 
related  defect  with  a  concentration  of  about 
4x  10,4cm  3.  For  the  W  related  defect  an  additional 
simulation  excluding  the  level  in  question  was  calculated 
to  support  that  its  presence  with  a  concentration  of 
about  2x  I0,4cm  3  much  better  fits  the  measurement. 
Finally,  a  DLTS  spectrum  was  recorded  using  an  electric 
(i.e.  voltage)  pulse  followed  by  an  optic  one  from  the  UV 
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laser.  All  deep  electron  traps  which  have  a  not  too  low 
hole  capture  cross  section  should  be  cleared.  For  two 
peaks  (Fig.  3)  this  was  not  the  case.  Especially,  the  peak 
at  about  480  K  mainly  consists  of  the  W  related  defect 
with  its  full  concentration.  Hence,  the  hole  capture  cross 
section  of  this  level  is  very  low,  whereas  its  electron 
capture  cross  section,  in  accordance  with  the  Arrhenius 
plot  analysis  given  here  (Table  2)  and  in  Ref.  [1],  should 
be  very  large.  This  behavior  suggests  a  double  donor 
state  for  the  W  related  deep  level. 


4.  Conclusions 

Isolated  tungsten  on  Si  sites  in  6H-SiC  was  identified 
by  EPR  for  the  first  time.  The  anisotropy  and  the 
splitting  pattern  of  the  observed  resonance  lines  could  be 
interpreted  by  W5+  (5d!,  S  =  ^).  This  is  equivalent  to  a 
single  positively  charged  donor.  By  DLTS  a  W  related 
deep  level  was  detected  at  about  Ec  —  1.16eV.  Its 
capture  behavior  for  electrons  and  holes  hints  at  a 
double  donor  level.  Since  this  level  is  occupied  by  one 
electron  in  our  n-type  samples  the  resulting  charge  state 
is  consistent  with  the  EPR  observation.  Further  support 
of  our  interpretation  of  the  W  related  defect  comes  from 
theory  [9,10].  Overhof  calculated  the  charge  transfer 
energy  levels  for  several  isolated  TM’s  at  different  high- 
symmetry  positions  in  3C-SiC.  There  are  theoretical  [9] 
and  experimental  [7]  arguments  that  these  energies  are 
relatively  insensitive  to  the  polytype  and  that  the  valence 
band  edge  can  be  used  as  reference  level.  Especially  for 
isolated  W  on  a  Si  site  a  double  donor  level  at 
£V  +  1  -94  eV,  a  single  donor  level  at  E\  +  2.98  eV  and 
a  single  acceptor  level  at  £V  +  4.15eV  were  obtained 
[10].  The  double  donor  level  fits  very  well  with  the 
energy  position  determined  by  DLTS  when  using  a  gap 


energy  of  3.03 eV  for  6H-SiC.  Furthermore  the  charge 
state  assigned  by  EPR  and  DLTS  agrees  with  theory. 

The  W  related  defect  detected  by  radiotracer  DLTS  in 
implanted  samples  [1]  is  the  same  one  as  in  our  as-grown 
samples,  i.e.  it  is  not  a  defect  complex.  However  the 
assignation  to  a  single  acceptor  given  in  [1]  is  incorrect. 

The  DLTS  results  for  the  Ta  related  deep  level  in  an 
ion  implanted  sample  [2]  agree  with  ours  for  Ta  in  as- 
grown  crystals.  Therefore  a  complex  of  Ta  with  residual 
radiation  damage  can  be  excluded  for  the  radiotracer 
DLTS  experiments  of  [2]. 

W  and  Ta  were  incorporated  on  electrically  active 
sites  in  6H-SiC  only  in  low  concentrations  of  2.4  x 
10 14  cm-3  during  PVT  growth. 
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Abstract 


We  have  performed  diffusion  experiments  with  B-implanted  6H-SiC  at  temperatures  between  1700'C  and  2100:C. 
After  diffusion.  B  concentration  profiles  were  measured  by  means  of  secondary  ion  mass  spectrometry.  Accurate 
modeling  of  B  diffusion  is  achieved  on  the  basis  of  a  kick-out  diffusion  mechanism  which  only  involves  point  defects  on 
the  Si  sublattice.  Fitting  of  our  experimental  profiles  yields  data  for  the  B  interstitial-controlled  B  diffusion  coefficient 
which  are  in  good  agreement  with  literature  data.  Moreover,  the  analysis  of  B  diffusion  provides  data  for  the  Si 
interstitial-controlled  B  diffusion  coefficient  which  is  interrelated  with  the  Si  self-interstitial  contribution  to  Si  diffusion 
in  SiC.  This  contribution  is  found  to  be  two  orders  of  magnitude  lower  than  an  extrapolation  of  Si  diffusion  data 
reported  in  the  literature.  (C  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  6!.72.Ji;  66.30.Dn:  66.30.Hs;  66.30.Jt 

Keywords:  Silicon  carbide:  Boron  diffusion:  Si  sclf-intcrstitial;  Kick-out  mechanism 


1.  Introduction 

SiC  is  a  promising  wide  band  gap  semiconductor  for 
high-temperature,  high  frequency,  and  high  voltage 
electronic  applications  (see  e.g.  Ref.  [1]).  B  like  A1 
behaves  as  an  acceptor  in  SiC  but  diffuses  more  rapidly 
in  SiC  than  Al.  Implantation  of  B  in  SiC  is  generally 
used  for  selective  area  doping  [2].  This  implantation 
process  induces  native  point  defects  in  concentrations 
exceeding  the  equilibrium  value  and  can  cause  transient 
enhanced  diffusion  of  B  towards  the  surface  and  into  the 
undamaged  region  of  the  SiC  substrate  during  a 
subsequent  high-temperature  treatment.  A  preanneal  at 
900~C  for  2  h  has  been  shown  to  effectively  reduce  this 
transient  enhanced  B  diffusion  [3,4]. 

The  fast  diffusion  of  B  compared  to  Al  may  seen  unusual 
since  B  like  Al  is  considered  to  be  mainly  dissolved  on  Si 
lattice  sites  in  SiC.  However,  assuming  that  B  diffuses  via 
interstitial-substitutional  exchange  mechanisms 

Bsi^Bj+Fsi,  (1) 
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Bsi+Si.^B,,  (2) 

namely  the  dissociative  mechanism  and  the  kick-out 
mechanism,  respectively,  the  fast  diffusion  of  B  is  a 
consequence  of  a  non-neglectable  fraction  of  B  in  a  highly 
mobile  interstitial  configuration  B,.  Vsi,  BSi,  and  Sij  denote 
a  vacancy  on  a  Si  lattice  site,  B  dissolved  on  a  Si  lattice  site, 
and  a  Si  self-interstitial,  respectively. 

The  B  profiles  shown  in  this  work  are  considered  to 
reflect  B  diffusion  under  near-equilibrium  conditions 
and  provide  strong  evidence  that  B  diffusion  at 
temperatures  between  170(TC  and  2000 "C  is  mediated 
by  the  kick-out  mechanism.  Compared  to  a  recent  paper 
on  B  diffusion  in  SiC  [5],  we  extend  the  present 
measurements  to  a  wider  temperature  range.  Addition¬ 
ally  we  have  found  evidence  that  a  substantial  fraction 
of  B  within  the  damaged  region  of  the  implanted  sample 
may  be  not  electrically  active  and  hence  some  B  atoms 
are  not  dissolved  as  isolated  defects  on  Si  lattice  sites. 

2.  Experimental 

A  SiC  wafer  with  a  10pm  thick  Al-doped  (4.8  x 
1015  cm  "3)  epitaxial  SiC  layer  grown  on  an  Al-doped 
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substrate  with  a  resistivity  of  2.10  Q  cm  was  cut  into 
stripes  of  5  mm  width  with  various  length.  These  stripes 
were  subsequently  subjected  to  a  five-fold  B  implanta¬ 
tion  at  energies  ranging  from  20  to  200  keV  and  doses 
between  2.7  x  1013  and  7.3  x  1013  cm”2.  The  implanta¬ 
tion  results  in  a  box-shaped  as-implanted  B  profile  with 
a  B  concentration  of  about  5  x  1018  cm”3.  After 
implantation  the  sample  stripes  were  preannealed  at 
900°C  for  2  h  to  reduce  the  implantation  damage  and 
thus  the  transient  enhanced  diffusion  of  B  during  the 
high-temperature  diffusion  anneal.  After  the  implanta¬ 
tion  and  the  preanneal,  SiC  samples,  5x5  mm2  in  size, 
were  cut  and  rinsed  in  organic  solvents  and  placed  in  a 
high-temperature  furnace  for  annealing  at  temperatures 
between  1700°C  and  2100°C.  This  furnace  was  specially 
designed  by  Gero  Hochtemperaturofen  GmbH  for 
annealing  of  small  samples  at  temperatures  up  to 
2500°C.  Various  temperature  programs  are  possible 
which  include  heating  to  a  single  set  point  and  more 
sophisticated  temperature  profiles  with  different  tem¬ 
perature  ramps.  It  takes  about  1  h  to  reach  a  fixed 
temperature  of  e.g.  2000°C.  The  water  cooled  double¬ 
wall  vacuum  chamber  is  purged  with  argon  during 
annealing. 

For  our  diffusion  experiments  the  sample  holder  is 
driven  into  the  region  of  maximum  temperature  after  the 
set  point  is  reached.  The  diffusion  process  is  terminated 
by  pulling  the  sample  holder  out  of  the  high-temperature 
area.  The  distribution  of  B  in  the  as-grown  and  annealed 
samples  were  measured  with  secondary  ion  mass 
spectrometry  (SIMS).  The  recorded  secondary  ion 
counts  were  converted  to  concentrations  by  using  B- 
implanted  SiC  calibration  samples.  The  depths  of  the 
craters  left  from  the  analysis  were  determined  with  a 
surface  profilometer. 

3.  Results  and  discussion 

Fig.  1  shows  concentration  profiles  of  B  after  diffusion 
at  1700°C,  1800°C  and  2100°C.  Similar  B  profiles  after 
diffusion  at  1900°C  and  2000°C  are  illustrated  in  Fig.  2. 
All  profiles  measured  after  diffusion  at  temperatures 
between  1700°C  and  2000°C  show  a  B  concentration 
near  the  surface  which  is  lower  than  1018  cm”3,  a 
maximum  concentration  of  2-3  x  10 18  cm”3  at  about 
300  nm  within  the  damaged  region  of  the  implanted 
layer,  and  a  pronounced  B  profile  tail  which  extends 
several  microns  into  the  undamaged  SiC  substrate. 
Contrary  to  these  findings  annealing  at  2100°C  causes 
B  to  diffuse  out  of  the  sample  and  to  accumulate  near 
the  surface.  Moreover,  B  diffusion  into  the  undamaged 
SiC  substrate  is  not  observed.  This  sample  reveals  an 
interesting  pattern  under  an  optical  microscope  which 
could  originate  from  B  segregation.  We  currently 
analyze  this  sample  and  the  other  B-diffused  SiC  crystals 


Fig.  1.  Concentration  depth  profiles  of  B  measured  with  SIMS 
(thin  solid  line)  before  (as-implanted)  and  after  diffusion  at 
1700°C  (120  min),  1800°C  (120  min),  and  2100°C  (20  min)  in 
Al-doped  6H-SiC.  The  thick  solid  lines  represent  the  simula¬ 
tions  on  the  basis  of  the  kick-out  mechanism. 


Fig.  2.  Concentration  depth  profiles  of  B  measured  with  SIMS 
(thin  solid  lines)  before  (as-implanted)  and  after  diffusion  at 
1900°C  (30  min)  and  2000°C  (30  min)  in  Al-doped  6H-SiC. 
The  thick  solid  lines  represent  the  simulations  on  the  basis  of 
the  kick-out  mechanism. 

with  transmission  electron  microscope  (TEM)  to  detect 
the  possible  existence  of  B  precipitates  within  the  B- 
implanted  layer.  Taking  the  B  profile  at  2100°C  as 
indication  that  B  segregation  very  likely  takes  place 
within  the  damaged  region,  we  believe  that  the 
corresponding  B  profile  measured  with  SIMS  does  not 
reflect  the  actual  distribution  of  isolated  B  on  Si  lattice 
sites.  Hence  for  modeling  the  B  distribution  in  the 
undamaged  SiC  substrate  we  neglected  the  first  500  nm 
of  the  B  profiles.  Furthermore  we  assumed  that  the  B- 
implanted  near-surface  layer  serves  as  an  infinite  source 
for  B  diffusion  into  the  SiC  substrate  as  long  as  the 
B  concentration  in  this  region  is  sufficiently  high.  All  B 
diffusion  profiles  in  6H-SiC  are  accurately  described  on 
the  basis  of  the  kick-out  reaction  (2)  (see  thick  solid  lines 
in  Figs.  1  and  2)  whereas  the  dissociative  mechanism 
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expressed  by  reaction  (1 )  does  not  provide  an  accurate  fit 
to  the  experimental  profiles  as  demonstrated  recently  [5]. 
It  is  noted  that  the  shape  of  the  B  diffusion  profile 
slightly  changes  from  convex  to  concave  with  increasing 
temperature.  This  observation  is  consistent  with  the 
kick-out  diffusion  model  and  reveals  that  B  diffusion  at 
temperatures  below  2000  C  is  controlled  by  Si  self¬ 
interstitials  Si;  whereas  B  interstitials  B;  control  B 
diffusion  at  2000  C. 

Modeling  of  the  B  diffusion  profiles  yields  data  for  the 
effective  B  and  Si  diffusion  coefficients  D J  and  D , 
respectively,  which  are  interrelated  with  the  products 
CfyDx  A'  e  { B; ,  Si; }  between  the  equilibrium  concentra¬ 
tion  and  diffusivity  of  the  respective  point  defects 
according  to 
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*  _ 
B,  ~ 


(3) 


K  = 


<3  *>s  i. 
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where  represents  the  solubility  of  B  on  the  Si 
sublattice.  We  assume  that  this  solubility  is  given  by  the 
B  concentration  measured  with  SIMS  at  the  interface 
between  the  damaged  and  the  undamaged  region  of  the 
SiC  epilayer.  Data  deduced  for  D and  shown  in  Fig.  3 
are  in  good  agreement  with  earlier  results  given  by 
Mokhov  et  al.  [6]  which  are  thus  considered  to  represent 
the  Bj-controlled  B  diffusion  characterized  by  D\  .  The 
data  extracted  for  Z)^  and  CjJJ  enables  us  to  calculate 


T(°C) 
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Fig.  3.  Temperature  dependence  of  B  and  Si  diffusion  coeffi¬ 
cients  Z>u  and  (solid  lines)  in  6H-SiC  reported  in  the 
literature  [6.7]  in  comparison  to  our  results.  B  diffusion  data 
indicated  by  the  upper  solid  bars  were  obtained  from  fitting  the 
experimental  B  profiles  shown  in  Figs.  1.  2  and  4.  The  lower 
solid  bars  represent  the  Si  self-interstitial  contribution  to  Si  self¬ 
diffusion  which  is  compared  to  Si  tracer  data  extrapolated  from 
high-temperatures  (dashed  line). 


the  Si  self-interstitial  contribution  of  Si 

diffusion  in  SiC.  This  contribution  is  shown  in  Fig.  3  in 
comparison  to  the  directly  measured  Si  diffusion 
coefficient  in  6H-SiC  [7].  The  Si  self-interstitial  con¬ 
tribution  to  Si  diffusion  in  SiC  is  about  two  orders  of 
magnitude  lower  than  an  extrapolation  of  the  Si 
diffusion  data  to  lower  temperatures.  This  may  suggest 
that  Si  diffusion  is  mainly  mediated  by  vacancies  on  the 
Si  sublattice.  Consequently  the  vacancy  contribution  to 
Si  diffusion  should  be  two  orders  of  magnitude  higher 
than  the  Si  self-interstitial  contribution.  In  this  case,  one 
would  expect  that  the  interstitial-substitutional  ex¬ 
change  via  Si  vacancies,  that  is.  the  dissociative 
mechanism  mediates  B  diffusion  in  SiC.  This,  however, 
is  in  contrast  with  the  shape  of  the  B  profiles  which 
clearly  points  to  B  diffusion  mediated  by  the  kick-out 
mechanism.  This  conflict  leaves  some  doubt  about  the 
accuracy  of  the  earlier  measured  Si  diffusion  coefficients 
and  may  be  solved  by  novel  Si  tracer-diffusion  experi¬ 
ments  that  are  currently  in  progress  at  our  laboratory. 

For  modeling  B  diffusion  in  SiC.  we  recently  assumed 
that  B  is  completely  electrically  activated  even  within  the 
ion-implanted  region  of  the  SiC  layer  [5],  Since  this 
appears  to  be  questionable  now,  we  have  considered  in 
this  paper  that  a  substantial  fraction  of  B  within  the 
damaged  region  is  clustered  and  that  actually  the  B 
concentration  at  the  interface  between  the  B  implanted 
layer  and  the  undamaged  region  equals  the  equilibrium 
concentration  of  B  on  Si  lattice  sites  for  the  pertaining 
experimental  conditions.  Taking  this  approach  for 
modeling  B  diffusion  in  SiC,  all  conclusions  given  in 
Ref.  [5]  remain  valid.  Only  the  values  extracted  for  Z)*j 
and  C£J  DSi, /C*1  are  slightly  lower  (by  about  a  factor  of 
3)  than  the  values  earlier  reported  [5].  Moreover,  B 
diffusion  in  N-doped  4H-SiC  is  also  accurately  described 
on  the  basis  of  this  approach  as  demonstrated  by  Fig.  4. 


0  1500  3000  4500 
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Fig.  4.  Concentration  depth  profiles  of  B  measured  with  SIMS 
(thin  solid  lines)  before  (as-implanted)  and  after  diffusion  at 
1700  C  and  1775  C  for  60  and  180  min,  respectively,  in  FI- 
doped  4H-SiC.  The  thick  solid  lines  represent  simulations  on 
the  basis  of  the  kick -out  mechanism. 
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Modeling  of  these  profiles  yields  data  for  the  B  and  Si 
related  diffusion  coefficients  which  are  equal  to  the 
results  obtained  from  B  diffusion  in  Al-doped  6H-SiC. 
This  shows  that  the  diffusion  of  B  and  Si  in  6H-SiC  and 
4H-SiC  is  similar  and  does  not  depend  very  strongly  on 
the  conduction  type  of  the  SiC  material,  at  least  for  the 
moderate  doping  concentrations  under  consideration. 

4.  Conclusions 

The  diffusion  of  B  in  6H-SiC  at  temperatures  between 
1700°C  and  2000°C  is  accurately  described  on  the  basis 
of  the  kick-out  diffusion  mechanism  (see  Eq.  (2)).  Values 
obtained  for  the  Bi -controlled  diffusion  coefficient  Z)| 
are  in  good  agreement  with  literature  data.  The  deduced 
Si  self-interstitial  contribution  to  Si  self-diffusion  is 
lower  than  data  reported  for  Si  diffusion  in  SiC  which 
leaves  some  doubt  about  the  accuracy  of  the  Si  diffusion 
data  given  in  the  literature.  In  order  to  investigate  the 
interrelation  between  B  and  Si  diffusion  in  more  detail  Si 
tracer-diffusion  experiments  exploring  the  temperature 
range  between  1700°C  and  2200°C  should  be  performed. 
Annealing  of  B-implanted  SiC  at  2100°C  seems  to  result 
in  a  pronounced  outdiffusion  of  B  and  a  segregation  of 
B  near  the  surface.  TEM  analyses  of  all  samples  are  in 


progress  to  characterize  the  precipitates  which  may  exist 
after  B-implantation  and  subsequent  annealing. 
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Abstract 

The  bistable  behavior  of  point  defects,  presumably  considered  to  be  arsenic  antisite  defects,  in  low-temperature- 
grown  GaAs  crystals  was  studied  experimentally  by  using  scanning  tunneling  microscopy  (STM)  coupled  with 
spectroscopic  measurements  in  the  nanometer  scale  (nanospectroscopy).  At  room  temperature,  the  photoabsorption 
detected  at  the  individual  defects  by  measuring  the  reduction  of  the  tunneling  current  flowing  out  of  the  filled  gap  states 
associated  with  them  exhibits  spectroscopic  features  quite  similar  to  those  observed  in  bulk  GaAs  crystals  containing 
EL2  centers.  At  90  K,  optical  excitation  causes  transformation  of  the  individual  defects  from  the  normal  state  to  a 
metastable  state  devoid  of  gap  states.  The  metastable  state  is  recovered  to  the  normal  state  by  injecting  electrons  from 
the  STM  tip  into  the  defects.  The  excitation  spectrum  of  the  defect  transformation  u'as  very  close  to  that  observed  in 
photoquenching  of  the  EL2  centers.  These  facts  strongly  indicate  that,  if  the  present  defects  are  isolated  arsenic  antisite 
defects  (As(ia),  the  EL2  centers  in  bulk  GaAs  crystals  are  truly  AsCi;l.  (r  2001  Published  by  Elsevier  Science  B.V. 

Keywords:  As  antisite  defect:  EL2;  Scanning  tunneling  microscopy;  GaAs 


The  midgap  deep  level  center  EL2  in  GaAs  has  long 
been  a  wrell-known  defect  drawing  great  attention  [1]  not 
only  of  the  technological  importance  as  a  center 
responsible  for  obtaining  semi-insulating  GaAs  bulk 
crystals,  but  also  of  the  academic  concern  on  the 
peculiar  behaviors  of  the  bistable  transformation,  one 
of  the  most  remarkable  features  of  EL2.  Particularly 
the  so-called  photoquenching  effect,  the  reduction  of 
photoabsorption  induced  by  light  illumination  at  low 
temperatures,  stimulated  intensive  studies  on  the  micro¬ 
scopic  mechanism.  Phenomenologically,  the  photo¬ 
quenching  effect  has  been  interpreted  by  the 
configuration  coordinate  diagram  as  illustrated  in 
Fig.  1(a)  proposed  by  Vincent  et  al.  [2]:  the  intracenter 
optical  excitation  from  the  normal  state  (neutral  EL2)  to 
an  excited  state  being  resonant  with  the  conduction 
band  relaxes  along  the  adiabatic  potential  of  a 
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metastable  state  (neutral  EL2*)  w'ith  a  large  atomic 
displacement.  The  problem  that  remained  was  on  the 
atomistic  structures  of  the  defect  in  the  bistable  states. 

Many  experimental  facts  and  some  theoretical  calcu¬ 
lations  [3,4]  strongly  suggested  that  the  EL2  centers  are 
isolated  arsenic  antisite  defect  (AsGa).  In  this  frame¬ 
work,  the  photoquenching  effect  could  be  interpreted  in 
terms  of  the  Jahn-Teller  distortion  that  breaks  the  on- 
center  symmetry  of  the  antisite  As  atom  to  a  lower 
symmetry  by  displacing  the  As  along  the  [1  1  1]  direction 
to  an  interstitial  site  (off-center  site)  as  illustrated  in 
Fig.  1(b).  However,  the  microscopic  identification  of 
EL2  as  isolated  As  antisites  remained  somewhat 
controversial  since  there  has  been  no  direct  experimental 
evidence  for  the  atomistic  structure  of  EL2. 

In  this  report,  we  present  a  direct  proof  for  the 
identity  of  EL2  with  isolated  As  antisites  by  showing  the 
photoabsorption  property  and  the  bistable  behavior  of 
individual  point  defects,  presumably  isolated  As  anti¬ 
sites,  abundantly  observed  by  cross-sectional  STM  in 
low-temperature-grown  (LT-)  GaAs  [5].  The  present 
STM  instrumentation  coupled  w'ith  optical  spectroscopic 
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Fig.  1.  (a)  The  configuration  coordinate  diagram  suggested  for 
EL2  [2]  and  (b)  an  isolated  arsenic  antisite  (AsGa)  model  [3,4] 
for  EL2  suggested  to  explain,  especially,  the  photoquenching 
effect. 


measurements  with  nano-scale  resolution  (nanospectro¬ 
scopy  [6-8])  allowed  us  to  show  that  individual  single 
defects  exhibit  an  infrared  photoabsorption  spectrum 
quite  similar  to  that  of  EL2,  and  a  photo-induced 
transformation  with  an  excitation  spectrum  very  close  to 
that  obtained  for  the  photoquenching  effect. 

The  LT-GaAs  undoped  film  of  200  nm  in  thickness 
was  grown  homoepitaxially  on  a  Si-doped  n-type  GaAs 
(001)  substrate  (n~  1018 cm~3)  at  250°C  in  a  VG- 
SEMICON  VG80H  molecular  beam  epitaxy  (MBE) 
system.  A  clean  (110)  surface  was  prepared  by  cleaving 
a  wafer  piece  in  the  ultra-high  vacuum  (UHV)  STM 
chamber  (UNISOKU,  a  custom  model,  base  pressure 
<2  x  10-8Pa)  and  probed  with  a  Pt-Ir  tip. 

Other  than  the  instrumentation  for  the  conventional 
scanning  tunneling  spectroscopic  (STS)  measurements 
[9],  the  present  experimental  set-up,  schematically  shown 
in  Fig.  2,  contained  implements  for  photo-spectroscopic 
measurements  as  well.  The  monochromatic  light  from  a 
monochromator  was  used  to  illuminate  the  sample 
surface  at  various  photon  energies. 

For  photoabsorption  measurements,  the  light  was 
chopped  and  the  induced  change  of  the  tunneling 
current  that  occurs  anyhow  reflecting  the  photoabsorp¬ 
tion  of  the  sample  were  detected  by  a  lock-in  amplifier 
tuned  at  the  chopping  frequency.  The  photoabsorption 


Fig.  2.  The  schematic  diagram  of  the  experimental  setup  for 
photoabsorption  nanospectroscopy.  A  change  in  the  tunneling 
current  induced  by  photoabsorption  of  a  defect  is  detected  by  a 
lock-in  amplifier  as  a  modulation  signal  synchronizing  with  the 
chopped  light  from  a  monochromator.  The  photoabsorption 
spectrum  can  be  obtained  by  measuring  the  output  of  the  lock- 
in  amplifier  as  a  function  of  the  photon  energy  of  the  light. 


signals  could  be  generated  by  various  mechanisms.  Here 
we  consider  a  case  in  which  the  STM  tip  positioned 
above  a  defect  site  is  biased  to  extract  electrons  from  the 
electronic  level  associated  with  the  defect.  When  the 
electron  occupying  the  defect  level  is  optically  pumped 
to  an  unoccupied  upper  level,  the  tunneling  current  will 
be  reduced  since  the  electron  occupancy  is  decreased. 
Therefore,  the  photon  energy  dependence  of  the 
modulated  signal  of  the  tunneling  current  (A I)  detected 
by  the  lock-in  amplifier  represents  the  photoabsorption 
spectrum  of  the  defect.  In  the  present  experiments,  the 
chopping  frequency  was  chosen  to  be  1  kHz,  high 
enough  for  the  thermal  expansion  effect  [7]  to  be 
suppressed  and  for  the  current  modulation  to  be 
undamped  by  the  STM  feedback  control.  The  photo¬ 
absorption  measurements  were  performed  at  room 
temperature 

For  inducing  photoreactions  that  are  to  be  detected  in 
STM  images,  the  sample  was  illuminated  continuously 
in  order  to  avoid  thermal  disturbance  caused  by  light 
chopping.  The  spectroscopic  measurements  of  the 
photoreaction  rate  were  conducted  at  90  K,  low  enough 
for  the  photoquenching  effect  to  be  observed.  Excitation 
spectra  of  the  photoreaction  were  obtained  by  measur¬ 
ing  the  mean  rate  of  the  atomic  reaction  that  was 
detected  in  the  repetitively  acquired  STM  images  of  the 
same  surface  that  was  continuously  subject  to  illumina¬ 
tion  with  various  photon  energies. 

Fig.  3(a)  shows  an  STM  image  of  the  representative 
defects  observed  at  room  temperature  in  the  cross- 
section  of  the  LT-GaAs  samples.  The  defects  have 
characteristic  contrasts  appearing  the  same  as  those  first 
reported  by  Feenstra  et  al.  [10]  and  later  cited  by  Jaeger 
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Fig.  3.  (a)  A  typical  STM  image  of  a  defect  observed  in  an  LT- 
GaAs  epi-laycr  al  room  temperature  and  (b)  the  STS  spectrum 
obtained  at  the  defect  site  exhibiting  a  distinct  midgap  donor 
level,  (c)  The  photoabsorption  spectrum  obtained  with  a  tip 
fixed  above  one  of  the  defects  and  setting  the  sample  bias 
voltage  at  -0.5  V  with  respect  to  the  tip  so  that  the  tunneling 
current  is  supplied  from  the  midgap  level  if  occupied.  Note  the 
spectrum  is  quite  similar  to  the  infrared  absorption  spectra 
observed  in  bulk  GaAs  crystals  containing  EL2  centers  [1], 


and  Weber  [1 1],  The  STS  spectra  (Fig.  3(b))  obtained  at 
these  defects  show  that  they  commonly  possesses  a  deep 
donor  level  around  the  midgap  energy,  consistent  with 
the  previous  report  by  Feenstra  et  al.  [10]. 

The  photoabsorption  spectrum  obtained  by  position¬ 
ing  the  tip  at  the  defect  site  and  fixing  the  sample  bias 
voltage  at  -0.5  V  to  extract  electrons  from  the  midgap 
level  is  shown  in  Fig.  3(c).  The  optical  spectrum  is 
characterized  by  the  threshold  around  1.05eV  followed 
by  the  gradually  increasing  infrared  absorption  back¬ 
ground  up  to  1.4eV,  and  a  clear  hump  around  1.2eV. 

At  90  K.  we  found  that  prolonged  light  illumination 
causes  a  transformation  of  the  majority  of  the  point 
defects  from  the  normal  state  (Fig.  4(a))  to  a  state  quite 
different  in  the  STM  image  (Fig.  4(b).  The  STS  spectra 
in  the  transformed  state  exhibited  no  gap  levels  in 
contrast  to  the  initial  norma!  state  (Fig.  4(c))  as  shown 
in  Fig.  4(d).  Though  the  transformed  state  persisted  for 
long  time  if  kept  intact  other  than  illumination,  we 
found  that  the  defect  contrasts  and  the  STS  spectrum 
are  recovered  to  the  normal  state  immediately  when  we 
injected  tunneling  electrons  to  the  defect  at  an  appro¬ 
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Fig.  4.  (a)  A  typical  STM  image  in  the  normal  state  and  (b)  the 
STM  image  in  the  metastable  state  transformed  from  the 
normal  one  by  light  illumination  at  90  K  (The  images  were 
taken  at  Vs  =  —2.3  V  and  /t  —  100  pA).  The  metastable  state  is 
recovered  by  injection  of  electrons  from  the  tip  to  the  defect. 
The  STS  spectrum  at  the  defect  site  in  the  normal  state  (c)  and 
in  the  mctastable  state  (d).  In  the  mctastable  state  the  midgap 
level  disappears.  Such  bistable  behaviors  were  not  observed  at 
room  temperature. 


priate  positive  sample  bias.  Taking  full  advantage  of  this 
effect  of  electron  injection  allowing  Initialization’  of  the 
defect  state,  we  could  conduct  such  experiments  that 
after  ‘initialized’  the  defect  state  by  the  electron 
injection,  we  repeated  STM  observations  under  a  ‘non¬ 
destructive’  imaging  condition  (FS  =  -2.3V, 
h  ~  lOOpA  )  and  as  a  function  of  the  number  of  scans 
(time)  we  counted  the  number  of  the  defects  that 
changed  the  contrasts  by  the  effect  of  the  continuous 
light  illumination.  We  repeated  such  experiments  for 
various  photon  energies  and  obtained  an  excitation 
spectrum  of  such  transformation  as  shown  in  Fig.  5. 

The  infrared  absorption  spectrum  shown  in  Fig.  3(c) 
is  quite  similar  to  that  obtained  by  macroscopic 
photoabsorption  measurements  on  GaAs  crystals  con¬ 
taining  EL2  centers.  However,  we  should  not  hastily 
conclude  that  the  defects  probed  with  the  STM  tip  are 
the  EL2  centers,  because  the  tunneling  current  flowing 
through  the  defect  level  probed  directly  by  the  STM  tip 
must  be  supplied  by  hopping  conduction  via  other 
centers  densely  populated  in  the  crystals  as  pointed  out 
by  Grandidier  et  al.  [14].  In  other  words  the  spectrum 
might  simply  reflect  the  photoabsorption  of  the  centers 
along  the  conduction  path  rather  than  the  defect  at  the 
surface  observed  by  STM. 

Nevertheless,  the  photo-induced  transformation  of 
the  defects  observed  at  90  K  is  quite  consistent  with  the 
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Fig.  5.  The  Excitation  spectrum  of  the  photo-induced  trans¬ 
formation  from  the  normal  state  to  the  metastable  state.  The 
spectrum  is  very  close  to  that  (broken  line)  measured  by  Fisher 
et  al  [15]  for  the  macroscopic  photoquenching  effect  of  EL2 
centers,  indicating  that  the  defects  observed  in  the  present 
experiments  are  EL2. 

photoquenching  behavior  of  EL2.  The  absence  of  the 
photo-transformation  at  room  temperature  and  the  long 
lifetime  of  the  transformed  state  at  the  low  temperature 
indicate  that  the  transformed  state  is  metastable.  The 
excitation  spectrum  of  this  transformation  is  very  close 
to  that  reported  by  Fisher  [15]  for  the  normal  to 
metastable  transition  of  EL2  centers  that  was  studied  by 
macroscopic  measurements.  The  ambiguity  discussed 
above  in  the  interpretation  of  the  local  photoabsorption 
detected  by  the  present  method  does  not  exist  in  the 
photo-transformation  experiments  because  the  transfor¬ 
mation  does  not  need  the  presence  of  other  defects.  Also 
the  electron-injection-induced  recovery  of  the  meta¬ 
stable  state  to  the  normal  state  is  consistent  with  another 
feature  observed  in  EL2  [3,16,17].  Therefore,  we  can 
safely  conclude  that  the  defects  observed  are  EL2 
centers. 

The  defects  in  LT-GaAs  giving  the  characteristic 
contrasts  were  identified  by  ab-initio  calculations  of 
STM  images  [12,13]  to  isolated  AsGa  embedded  in  the 
first  few  layers  beneath  the  (1  1  0)  surface.  The  isolated 
arsenic  antisites  (AsGa)  model  of  EL2  has  achieved 
successful  interpretation  for  the  bistable  behaviors  of 
EL2  including  the  photoabsorption,  the  photo-transfor¬ 
mation  and  the  electron-injection-induced  recovery  (the 


process  being  illustrated  in  the  coordination  diagram  in 
Fig.  1(a)  [3]).  The  STM  image  of  an  isolated  AsGa  in  the 
metastable  state  was  calculated  by  Zhang  [13],  but  the 
bias  polarity  is  different  from  that  used  in  the  present 
study  (Note  imaging  with  positive  sample  biases  causes 
the  structural  recovery).  Although  the  defect  image 
shown  in  Fig.  4(b)  is  one  obtained  for  the  first  time  for 
the  EL2  centers  at  the  metastable  state,  the  direct 
verification  of  the  validity  of  the  isolated  AsGa  model 
was  not  possible  at  present  from  the  image  comparison. 
If  reasonably  we  can  assume  that  the  present  defects  are 
isolated  AsGa,  we  can  conclude  that  the  atomic  structure 
of  EL2  is  isolated  AsGa. 
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Abstract 

The  diffusion  of  sulfur  was  investigated  in  order  to  study  arsenic  self-diffusion.  From  in-diffusion  experiments  the 
effective  diffusion  coefficients  of  sulfur  and  arsenic  were  determined  in  the  temperature  range  between  750  C  and 
1 100  C;  For  this  purpose,  different  surface  concentrations  of  sulfur  were  provided  to  establish  the  diffusion  model.  The 
simulations  show  that  As  self-interstitials  are  responsible  for  the  diffusion  of  sulfur  under  thermal  non-equilibrium  of 
native  point  defects.  The  self-diffusion  coefficient  and  the  solubility  of  As  self-interstitials  were  determined,  t  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  66.30.Jl:  66.30.L\v:  7I.55.Eq;  72.80.Ey:  81.05.Ea;  85.40.Ky 
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1.  Introduction 


Dopant  diffusion  on  the  group-III  sublattice  of  GaAs 
was  extensively  studied  in  the  past,  because  most  of  the 
common  dopants  are  dissolved  on  this  sublattice.  In  the 
last  few  years,  the  diffusion  on  the  group-V  sublattice 
has  become  more  and  more  important.  Carbon  as  an 
acceptor  for  base  doping  of  HBTs  is  dissolved  on  the  As 
sublattice  as  well  as  nitrogen  for  active  layer  doping  of 
VCSELs.  Therefore,  reliable  diffusion  data  for  this 
sublattice  are  necessary.  Sulfur,  which  is  a  donor,  can 
be  used  as  a  vehicle  to  study  dopant  diffusion  and 
additionally  As  self-diffusion  on  the  group-V  sublattice 
of  GaAs.  Therefore,  several  experiments  and  simula¬ 
tions  were  performed  to  investigate  diffusion  depth 
profiles.  It  is  known  that  the  diffusion  behavior  of  S  in 
GaAs  can  be  described  within  the  kick-out  diffusion 
model  [1]. 


is  -f  As,;\s 


Sa\  +  I£s. 


(1) 


where  ij  denotes  interstitially  dissolved  S.  S;v  substitu- 
tionally  dissolved  S  and  I^s  an  As  self-interstitial.  k^Q 
and  kK()  are  the  reaction  constants  in  forward  and 
backward  direction.  The  backward  reaction  constant  is 
given  according  to  [2]  as  a  diffusion  controlled  value, 

kKO  =  4 nr,D^  .  (2) 

In  Eq.  (2)  rc  is  the  capture  radius  and  Z>i  v  the  diffusion 
constant  of  As  self-interstitials.  The  shape  of  the 
diffusion  profile  and  the  depth  distribution  can  be 
controlled  by  the  amount  of  S  at  the  sample  surface. 
At  low  concentrations  the  diffusion  is  governed  by  the 
kick-out  diffusion  under  thermal  equilibrium  of  native 
point  defects.  For  a  high  S  concentration  at  the  surface 
the  diffusion  of  S  is  mainly  determined  by  the  diffusion 
of  the  As  self-interstitials.  Based  on  this  thermal  non¬ 
equilibrium  of  native  point  defects  self-diffusion  of  As 
can  be  described  by  simulations. 


2.  Experiments 


♦Corresponding  author.  For  the  experiments,  undoped  semi-insulating  Bridge- 

E-mctil  address:  englerft  mpi-hallc.mpg.dc  (N.  Englcr).  man-grown  GaAs  with  a  low  dislocation  density  was 
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used.  After  cleaning  the  samples  were  added  into  pre¬ 
cleaned  quartz  tubes.  In  order  to  establish  an  arsenic 
vapor  pressure  during  the  annealing  procedure  metallic 
arsenic  was  added  to  the  ampoule  in  an  amount  needed 
for  a  1  bar  partial  vapor  pressure.  Sulfur  was  dissolved 
in  benzene  to  provide  a  small  concentration  and  filled 
into  the  ampoule  before  evacuating  down  to  2  x 
10"6  Torr  and  sealing.  The  experiments  were  performed 
in  the  temperature  range  between  750°C  and  1100°C 
with  different  concentrations  of  S  provided  during  the 
annealing  procedure.  After  annealing  the  samples  were 
quenched  to  room  temperature.  The  depth  profiles  of 
sulfur  were  recorded  by  secondary  ion  mass  spectro¬ 
metry  (SIMS)  and  analyzed  by  simulating  the  diffusion 
according  to  the  2nd  Fickian  Law  and  the  kick-out 
model  with  the  process  simulator  Zombie  [3]. 


3.  Results  and  discussion 


Fig.  1  shows  the  depth  profiles  after  in-diffusion  at 
850°C  for  4  h.  Providing  a  low  S  surface  concentration 
of  c|urf  =  2x  1018,  represented  by  circles,  the  diffusion 
occurs  under  conditions  closed  to  thermal  equilibrium  of 
native  point  defects.  This  can  be  described  by  the 
relation  of  the  transport  capacities,  given  by  the  product 
of  the  diffusion  coefficient  and  the  solubility  of  the 
mobile  species, 

.  (3) 

In  this  case,  only  a  slight  supersaturation  of  As  self¬ 
interstitials  has  been  established.  The  second  profile  with 
a  surface  concentration  of  c|urf  =  2.2  x  1020  shows  a 
non-equilibrium  behavior  of  native  point  defects.  The 
relation  of  the  transport  capacities  is  given  by 


DU 
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(4) 


Fig.  1.  In-diffusion  profiles  of  sulfur  after  annealing  at  850°C 
for  4  h.  The  surface  concentration  of  S  was  varied  between 
2  x  1018  and  2.2  x  1020  cm-3.  The  symbols  represent  the  total 
concentration  measured  by  SIMS  and  the  lines  are  the 
simulated  concentration  of  substitutionally  dissolved  sulfur. 


Under  thermal  non-equilibrium  of  native  point  defects 
the  diffusion  progress  is  controlled  by  the  slower 
diffusing  point  defect.  These  experiments  and  simula¬ 
tions  have  shown  that  As  self-interstitials  are  the 
diffusion  controlling  point  defects.  From  the  simula¬ 
tions,  we  were  able  to  extract  the  diffusion  coefficient 
and  the  solubility  of  the  Us  according  to  the  relation 


eff 
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For  the  simulations  DjjjJ  was  kept  constant  and  the 
solubility  is  given  by  the  surface  concentration  of 
sulfur. 

Fig.  2  represents  the  effective  diffusion  coefficients  of 
As  and  S.  The  As  self-diffusion  coefficient  was  deter¬ 
mined  as 


0fs  =(8.54+1.88)  x  10 


-l 


x  exp  - 


4.01  ±0.19  eV 
kuT 


i  -l 

cm-  s 


(6) 


and  the  effective  diffusion  coefficient  of  sulfur  as 


Z)esff  =(8.95  ±1.08)  x  10 


-4 


x  exp 


2.29  ±0.11  eV 

k^T 


2  -1 
cm  s 


(7) 


The  value  for  As  is  in  a  good  agreement  with  the 
effective  As  self-diffusion  coefficient  determined  by 
Stolwijk  et  al.  [4]  and  the  value  for  sulfur  with  that 
reported  by  Young  and  Pearson  [5].  For  all  simulations, 
the  conditions 


4qKq  and 


(8) 
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Fig.  2.  Effective  diffusion  coefficients  of  As  from  S  in-diffusion 
experiments  [1],  As  tracer  diffusion  [7,8],  N  inter-diffusion  [9,4] 
and  this  work.  Additionally,  the  effective  S  diffusion  coefficient 
is  shown  as  symbols  (this  work)  in  comparison  with  literature 
data  [5]. 
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Fig.  3.  Solubility  of  As  self-interstitials.  The  values  were 
determined  from  experiments  under  non-equilibrium  condi¬ 
tions.  The  dashed  line  represents  the  intrinsic  carrier  concen¬ 
tration  [6]. 


were  established  to  calculate  the  diffusion  parameters. 
»j  represents  the  intrinsic  carrier  concentration  and  is 
given  in  Ref.  [6].  To  determine  the  diffusion  coefficients 
the  set  of  partial  differential  equations  for  every  point 
defect  in  Eq.  (1)  was  solved  numerically  by  the  simula¬ 
tion  program  Zombie  [3].  In  all  simulations,  the  As  self¬ 
interstitials  are  assumed  to  be  neutral.  For  these 
conditions,  the  solubility  of  the  As  self-interstitials  as  a 
function  of  the  inverse  temperature  is  shown  in  Fig.  3. 
Additionally,  the  intrinsic  carrier  concentration  accord¬ 
ing  to  [6]  is  shown  in  this  figure.  The  solubility  of  As  self¬ 
interstitials  was  determined  as 

<%  =  (1.2  ±  1.31)  x  1024 

f  1.95  +  0.13  eV\  , 

xexpi — (yy  ) cm  •  « 


The  values  calculated  in  Eq.  (9)  are  in  agreement  with 
the  condition  described  in  Eq.  (8). 


4.  Conclusion 

After  sulfur  in-diffusion  experiments  we  investigated 
depth  profiles  of  sulfur  using  SIMS  and  theoretically  by 
simulations.  Based  on  these  investigations  we  deter¬ 
mined  the  effective  diffusion  coefficients  of  S  and  As. 
Additionally,  from  non-equilibrium  profiles  we  ex¬ 
tracted  the  diffusion  coefficient  as  well  as  the  solubility 
of  As  self-interstitials. 
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Abstract 

Among  the  intrinsic  defects  in  GaAs  the  EL6  gains  more  attention  due  to  its  properties  as  a  non-radiative 
recombination  centre.  Also,  for  an  efficient  defect  engineering  its  atomistic  structure  becomes  an  important  question. 
There  are  many  suggestions  for  this  structure  in  the  literature,  however,  nothing  definite  is  known  so  far.  From  a 
combination  of  results  from  PICTS  experiments  to  measure  the  EL6  concentration,  positron  annihilation,  infrared 
absorption  and  laser  scattering  tomography  arguments  are  put  forward  which  point  to  a  structure  AsGa-VAs  for  the 
EL6.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Among  the  intrinsic  defects  in  GaAs,  the  midgap 
double  donor  EL2  is  the  most  prominent  and  the  most 
important  one  since  it  enables  the  GaAs  to  become  semi- 
insulating  (SI)  by  overcompensating  shallow  acceptors 
which,  in  turn,  compensate  shallow  or  medium  deep 
donors.  Progress  in  GaAs  technology  made  it  more  and 
more  possible  to  reduce  the  concentrations  of  extrinsic 
impurities  and  at  the  same  time  other,  so  far,  less 
considered  intrinsic  defects  like  the  EL6  gain  attention. 
Moreover,  it  turned  out  that  the  EL6  plays  an  important 
role  as  a  recombination  centre  determining  the  lifetime 
of  excess  carriers  [1,2].  For  these  reasons,  also  the 
atomistic  structure  of  this  defect  becomes  an  increas¬ 
ingly  important  factor  from  a  basic  point  of  view  and 
also  for  the  optimisation  of  defect  engineering.  How¬ 
ever,  so  far,  almost  nothing  is  known  definitely  about 
the  structure  of  the  EL6.  Since  no  spin  resonance 
experiments  are  available  for  the  EL6  there  are  only 
cumbersome  indirect  ways  to  first  ideas  of  its  structure. 
Many  suggestions  are  found  in  the  literature:  VGa-VAs 
[3-6];  Vca-Asi  or  VGa-X  [7,8];  AsGa-X  [9];  AsGa-As;  or 
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AsrX  [10,1 1]  and  finally  VAs-X,  AsGa-VAs  or  VGa-Asr- 
VAs  [12-16].  The  aim  of  this  work  is  to  find  arguments 
for  or  against  of  some  of  these  models  using  results  of 
IR-absorption  experiments  [17],  laser  scattering  tomo¬ 
graphy  (LST)  [18],  positron  annihilation  (PA)  [19],  and 
finally,  photo-induced  current  transient  spectroscopy 
(PICTS)  [20].  It  is  well  known  for  GaAs  that  different 
annealing  procedures  greatly  influence  the  concentration 
of  Ga  and  As  interstitials  or  vacancies  and  various 
intrinsic  defects.  This  is  reflected  by  the  results  of  the 
above  mentioned  experiments  giving  rise  to  arguments 
for  falsification  or  verification  of  structural  models  of 
the  EL6. 


2.  Annealing  procedures 

Special  annealing  procedures  with  different  tempera¬ 
ture-time  regimes  were  used  for  the  GaAs  samples 
investigated.  These  procedures  are  usually  characterised 
by  the  following  four  steps:  (a)  A  homogenisation  at 
1453  K  resolves  As  precipitates  and  atmospheres  of 
structural  defects,  (b)  In  the  following  regime  of  cooling 
down,  an  As  supersaturation  takes  place  with  the 
formation  of  As  nuclei,  (c)  During  the  subsequent 
temperature-time  regime  precipitates  grow,  additional 
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As  nuclei  are  formed  and  excess  As  interacts  with  other 
defects,  (d)  Finally,  quenching  to  room  temperature 
stabilises  the  defect  structures  thus  obtained. 

For  the  following  experiments,  a  more  special 
annealing  regime  was  used.  After  the  homogenisation 
at  1453  K  for  20  h  (warm-up  rate  1  K/min)  and 
subsequent  quenching  to  room  temperature,  a  second 
heating  with  52  K/min  to  1073  K  was  performed.  Each 
sample  was  kept  at  this  temperature  for  a  well  defined 
time  ranging  from  10  to  7200  min  before  recycling  to 
room  temperature  again.  All  measurements  took  place 
at  room  temperature  or  below  and  therefore  each 
measurement  point  in  the  following  figures  corresponds 
to  a  new  sample.  The  samples  treated  this  way  differ 
clearly  also  by  their  EL6  content. 


3.  Experimental  results 

The  relative  concentrations  of  the  EL6  defect  were 
measured  by  PICTS.  This  type  of  spectroscopy  delivers 
results  similar  to  those  of  DLTS.  However,  in  contrast 
to  DLTS.  no  capacitance  transients  of  a  junction  are 
evaluated  but  only  photoconductivity  transients  due  to  a 
thermal  re-emission  of  carriers  out  of  levels  which  were 
filled  by  a  preceding  light  pulse.  This  spectroscopy 
requires  no  co-doping  with  shallow  levels  and  is  there¬ 
fore  applicable  also  to  high  resistive  SI  material. 
However,  as  a  drawback,  PICTS  furnishes  no  precise 
information  about  absolute  concentrations  of  defects 
but  only  good  values  for  relative  defect  concentrations 
for  the  same  defect  as  a  function  of  different  prepara¬ 
tions.  Results  of  PICTS  experiments  are  shown  in  Fig.  1 , 
where  the  concentration  of  the  EL6  is  plotted  versus 
annealing  time.  (,  at  1073  K.  The  data  indicate  a  drop  of 
the  EL6  concentration  by  about  one  order  of  magnitude 


Fig.  I.  Concentration  of  EL6  as  measured  by  PICTS  as  a 
function  of  annealing  time.  Each  dot  corresponds  to  a  new 
sample.  Full  squares,  medium  pressure  GaAs  (inert  gas  pressure 
during  LEC  crystal  growth);  open  squares,  low  pressure  GaAs. 


t  [min] 


Fig.  2.  Concentration  of  EL211  as  a  function  of  annealing  time. 
Upper  curve,  medium  pressure  GaAs;  lower  curve,  low  pressure 
GaAs. 


with  annealing.  It  should  be  stressed  that  the  EL6 
concentration  is  no  longer  diminished  for  annealing 
times  longer  than  60 min.  After  this  time  it  remains 
constant  at  a  value  of  about  10%  of  its  starting  value 
right  after  quenching.  Fig.  2  reflects  the  annealing 
behaviour  of  the  EL2°  as  measured  by  IR-absorption. 
With  increasing  annealing  time  the  concentration  of  the 
EL2°  increases  by  roughly  a  factor  of  2  until  a  maximum 
at  60  min  and  then  it  decreases  again.  Fig.  3  shows  the 
concentration  of  VC};|  by  PA.  These  data  must  be  taken 
with  some  care.  There  is  a  detection  limit  due  to 
background  signals  as  indicated  by  the  horizontal  line. 
The  actual  VGa  concentrations  for  the  higher  annealing 
times  might  be  well  below  this  line.  The  concentration  of 
precipitates  was  measured  by  LST.  The  data  indicate  a 
continuous  increase  with  annealing  time. 


4.  Interpretation  of  results  and  discussion 

It  is  generally  accepted  that  the  structure  of  the  EL2  is 
basically  AsGa.  Based  on  ODENDOR-experiments  an 
additional  Ass  in  [1  I  1]  direction  was  put  forward  [21],  it 
was,  however,  also  shown  that  the  ODENDOR  results 
published  do  not  necessarily  require  the  assumption  of 
this  Asj  and  that  this  assumption  is  moreover  in 
contradiction  to  the  corresponding  ODEPR  spectrum 
[22].  This  controversy,  however,  does  not  substantially 
affect  the  following  arguments.  For  the  interpretation  of 
the  results,  it  is  most  important  that  the  concentration  of 
the  EL2  exhibits  a  maximum  at  an  annealing  time  of 
about  60  min  and  that  exactly  after  this  time  the 
concentration  of  the  EL6  does  no  longer  change.  It 
would  be  hard  to  believe  that  this  behaviour  could  occur 
if  the  structures  of  the  EL2  and  EL6  were  completely 
uni  elated  to  each  other.  This  is  one  argument  to  assume 
that  the  structure  of  the  EL6  contains  a  unit  AsGa  like  in 
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Fig.  3.  Concentration  of  Ga-vacancies  as  obtained  by  positron 
annihilation  as  a  function  of  annealing  time  (medium  pressure 
GaAs). 


AsGa-VAs  or  AsGa-Asi  rather  than  a  unit  VGa.  The 
structure  AsGa  is  apparently  very  stable  as  indicated  by 
the  relatively  high  concentration  in  the  order  10!6/cm3  of 
the  EL2  right  after  quenching  from  1453  K  (so-called  as- 
grown  state).  Under  the  same  conditions  the  concentra¬ 
tion  of  the  EL6  is  estimated  to  be  in  the  order  1015/cm3 
[23]  indicating  a  likewise  lower  stability  for  this  defect. 
The  increase  of  the  EL2  concentration  with  annealing 
time  by  roughly  a  factor  of  2  corresponds  well  to  the 
decrease  of  the  VGa  from  about  10l6/cm3  to  ‘zero’  (note 
PA  detection  limit):  ‘AH’  VGa  are  occupied  by  former  As; 
to  form  EL2  at  an  annealing  time  where  the  EL2 
concentration  reaches  its  maximum.  Due  to  the  high 
stability  of  the  EL2  the  concentration  of  still  existing 
VGa  in  the  equilibrium  between  EL2  and  VGa  together 
with  ASi  should  be,  therefore,  extremely  small,  much 
smaller  than  the  observed  concentration  of  the  EL6. 
This  is  taken  as  a  further  argument  not  to  assume  VGa  as 
an  integral  part  of  the  EL6. 

Assuming  now  AsGa-VAs  f°r  the  EL6  gives  a  much 
more  consistent  picture.  EL6  is  converted  to  EL2  which 
contributes  to  the  increase  of  the  EL2  for  the  lower 
annealing  times.  Later  the  EL6  concentration  is 
stabilised  by  the  equilibrium  between  AsGa-VAs  (EL6) 
together  with  As;  and  AsGa  (EL2).  At  the  higher 
annealing  times  the  EL2  may  be  destroyed  by  more 
and  more  accumulation  of  further  As  converting  EL2 
defects  to  As  precipitates.  At  least  in  the  beginning  of 
this  process  the  EL6  equilibrium  is  not  affected  too 
much  since  both  the  EL2  and  the  Asi  concentrations  are 
diminished  when  forming  As  precipitates. 

The  above  arguments  are  indeed  not  yet  able  to  really 
establish  the  structure  AsGa~VAs  for  the  EL6.  However, 
there  are  clear  hints  towards  this  assumption  to  motivate 
further  more  specific  experiments  like  spatially  resolved 
defect  analyses  to  account  for  the  cellular  structure  of 


the  GaAs.  Such  special  PICTS  experiments  are  under¬ 
way. 
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Abstract 

As-grown  substrate-free  LT-GaAs  (200°C)  and  annealed  samples  (up  to  660°C)  have  been  investigated  with  magnetic 
circular  dichroism  of  absorption  (MCDA)  and  optically  detected  electron  paramagnetic  resonance  (MCDA-EPR)  in  K- 
and  W-bands.  MCDA-EPR  spectra  of  all  samples  reveal  several  AsGa-related  defects  with  different  excitation  spectra, 
that  indicate  their  different  structures  in  as-grown  and  annealed  material.  A  strong  change  occurs  in  samples  annealed 
above  400°C.  The  ODEPR  spectra  show  another  yet  unknown  defect  which  we  attribute  to  a  Ga  vacancy-related  defect. 
Samples  annealed  at  500°C  exhibit  EL2-like  MCDA  spectra.  From  the  above  band  gap  MCDA  spectra  of  the  EL2-like 
defects  evidence  is  found  for  their  low  symmetry.  The  bleaching  properties  and  spin-lattice  relaxation  times  of  the 
different  AsGa-related  defects  were  investigated  and  compared  with  the  properties  of  the  EL2  defect  in  bulk  semi- 
insulating  GaAs.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  LT-GaAs;  AsGa-related  defect;  Lift-off;  MCDA-EPR 


1.  Introduction 

The  non-stoichiometry  of  LT-GaAs  (As-rich)  is  a 
reason  of  really  unique  properties  which  have  found 
many  applications.  The  ultra  short  lifetimes  of  photo¬ 
generated  carriers  (<  1  ps),  semi-insulating  (SI)  behavior 
after  annealing  and  other  useful  properties  influenced 
the  development  of  different  devices  working  in  THz 
region  [1].  Most  of  these  features  are  caused  by  native 
point  defects,  mainly  AsGa-related  defects,  in  extremely 
high  concentrations  (1018-102Ocm-3)  which  control  the 
optical  and  electrical  properties  [2]. 

In  general,  in  As-rich  LT-GaAs  three  native  point 
defects  (or  complexes  between  them)  are  favored:  As 
antisite  (AsGa)-like  defects,  Ga-vacancies  (VGa)  and  As 
interstitials  (As;).  Evidence  was  found  for  all  of  them  [3- 
5],  but  their  role  and  identification  is  still  questioned, 
especially  in  connection  with  dramatic  changes  of  the 
properties  after  annealing.  The  concentration  and 
probably  also  the  microscopic  structure  of  the  native 
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defects  are  influenced  by  annealing,  which  is  often 
required  in  device  processing.  The  question  arises 
whether  the  defects  are  only  modified  by  the  annealing 
with  respect  to  strain  or  charge  states  or  whether 
different  defects  exist  in  as-grown  and  annealed  material. 

The  dominant  deep  donor  in  LT-GaAs  is  regarded  to 
be  an  AsGa-related  defect,  a  defect  similar  to  the  well- 
known  EL2  defect  which  is  responsible  for  the 
compensation  of  SI  bulk  GaAs.  The  optical  and 
electrical  properties  of  the  EL2  defect  are  well  known 
and  have  been  extensively  investigated.  However,  the 
mechanism  of  its  metastability  as  well  as  its  microscopic 
structure  have  still  remained  controversial  issues.  Similar 
bleaching  behavior  was  observed  for  AsGa-related 
defects  in  LT-GaAs,  although  less  effective,  and  together 
with  the  SI  properties  supported  somehow  the  sugges¬ 
tion  that  native  defects  in  LT-GaAs  are  EL2-like  defects 
[6,7]. 

In  this  paper  we  present  and  discuss  experimental 
results  which  were  obtained  with  magnetic  circular 
dichroism  of  the  optical  absorption  (MCDA)  and 
MCDA  detected  electron  paramagnetic  resonance 
(MCDA-EPR)  of  substrate-free  GaAs  layers  grown  by 
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MBE  at  low  substrate  temperature  (~200°C)  and 
annealed  after  growth  at  different  temperatures.  Inves¬ 
tigations  were  performed  within  a  wide  range  of  photon 
energies  (0.7-1. 8  eV)  and  MCDA-EPR  in  K-  and  W- 
microwave  frequency  bands  (~24  and  ~  94  GHz, 
respectively)  has  been  measured.  Furthermore,  the 
bleaching  properties  of  As( ^.-related  defects  in  LT-GaAs 
and  of  EL2  defects  in  SI  bulk  GaAs  have  been 
investigated  for  comparison.  Experimental  details  can 
be  found  elsewhere  [8]. 

The  LT-MBE  GaAs  samples  were  grown  in  the 
University  of  California  (Santa  Barbara,  USA)  and  in 
the  University  of  Erlangen.  Germany  (Institut  fur 
Technische  Physik).  The  temperature  of  the  GaAs 
substrate  was  about  200X.  The  thickness  of  the  layers 
varied  from  0.5  to  1  pm.  After  growth  the  samples  were 
annealed  in  N?  atmosphere  at  different  temperatures 
from  200  C  up  to  660' C  with  minimal  temperature  steps 
of  50  C.  To  suppress  the  As  evaporation,  the  surface  of 
the  samples  was  laid  face  down  onto  a  GaAs  substrate 
during  annealing.  After  annealing  the  samples  were 
prepared  with  a  lift-off  technique  where  the  MBE  films 
were  separated  from  the  GaAs  substrate  and  glued  onto 
glass  plates  [9].  This  procedure  was  performed  in  the 
University  of  Erlangen. 


2.  Experimental  results  and  discussion 

ODEPR  spectra  of  as-grown  (200  C)  and  annealed 
(500  C)  LT-GaAs  measured  via  the  MCDA  at  0.93  and 
1.12eV  are  shown  in  Figs,  la  and  b,  respectively.  The 
spectra  are  detectable  in  four  different  series  of  samples 
in  different  MCDA  bands  with  exception  of  the  samples 
annealed  above  600°C,  in  which  the  MCDA-EPR 


Magnetic  field  (mT) 

Fig.  1.  (a)  MCDA-EPR  spectrum  of  as-grown  (200°C)  LT- 
GaAs  measured  at  24.0  GHz  with  photon  energy  of  0.92  eV  at 
1.5  K.  (b)  MCDA-EPR  of  annealed  (500  C)  LT-GaAs  mea¬ 
sured  with  light  energy  of  1.12  e V  at  23.5  GHz  and  temperature 
of  1.5  K  and  (c)  the  same  spectrum  measured  at  91  GHz  (W- 
band). 


spectra  of  the  LT-GaAs  disappear.  The  MCDA-EPR 
spectra  show  mainly  the  four  line  hyperfine  (hf)-split 
spectra  due  to  AsGa-related  defects  (nuclear  spin  of  75As 
is  7  =  3)  [10].  The  spectra  are  isotropic.  Important  to 
note  are  the  large  line  widths  of  about  40-50  mT 

of  each  hf  line  consistent  with  conventional  EPR 
measurements  of  such  samples  [11],  The  hf  lines  are 
broader  than  those  measured  for  the  EL2  defects  in  SI 
bulk  GaAs  ( -  38  mT).  The  (/-values  range  from  2.030  to 
2.041  for  samples  annealed  at  different  temperatures. 
The  central  75As  hf  interaction  of  2630MHz  is  nearly 
constant. 

The  difference  in  intensity  of  the  four  hf  lines  does  not 
disappear  even  at  lowest  microwave  power  levels 
pW),  where  forbidden  transitions  are  suppressed 
definitely  [15].  Therefore,  one  has  to  assume  that  a 
superimposed  MCDA-EPR  spectrum  with  a  large  line 
width  and  (/  factor  of  about  2.04  is  also  measured.  It  has 
the  typical  line  shape  (dashed  curve  1  in  Fig.  1)  as  was 
observed  for  different  intrinsic  acceptors  in  bulk  GaAs 
[12].  It  should  be  noted  that  the  new  spectrum  was 
detected  both  in  the  as-grown  and  the  annealed  samples. 
We  attribute  the  new  MCDA-EPR  line  to  VGa-related 
defects  for  the  following  reasons:  (i)  VGa  is  very 
probable  in  As-rich  high  non-stoichiometric  LT-GaAs 
and  (ii)  positron  annihilation  experiments  detect  high 
concentrations  of  VC};1  defects  in  the  same  material  [5]. 
V(;j  is  a  multiple  acceptor  with  a  T:  ground  state  in  the 
band  gap  of  GaAs  and  is  compensated  by  AsGa-related 
donors.  VGa-reIated  defects  with  trigonal  symmetry  were 
detected  and  identified  earlier  in  electron-irradiated 
GaAs  [13,14].  The  measured  spectrum  is  compatible 
with  the  V(i;l  (trigonal)  for  B  [1  00]  with  a  (/-value  of 
about  2.04  and  a  shf  interaction  with  one  °As  neighbor 
of  about  540  MHz. 

In  addition  to  the  VGa-related  defects  another 
MCDA-EPR  spectrum  was  observed  for  samples 
annealed  above  450  C  exposing  the  material  to  light 
with  a  photon  energy  above  1.12eV  (dashed  curve  2  in 
Figs,  lb  and  c).  It  has  a  (/-factor  of  about  1.98. 
Unfortunately,  the  large  line  widths  and  high  intensity 
of  the  AsGa-related  spectra  prevent  the  reliable  identi¬ 
fication  of  the  defect.  Neither  the  tagged  MCDA 
technique  nor  high-frequency  (91  GHz)  MCDA-EPR 
(Fig.  lc)  measurements  could  separate  the  different 
spectra. 

The  small  differences  in  the  MCDA-EPR  parameters 
of  the  AsG;l-related  defects  could  be  an  indication  that 
different  AsGa-related  defects  exist  in  as-grown  and 
annealed  material.  Rather  strong  evidence  for  that  was 
obtained  with  the  tagged  MCDA  technique,  where  when 
setting  the  EPR  resonance  conditions  to  a  particular 
ODEPR  line  and  varying  the  optical  wavelength  the 
EPR  line  of  the  defect  can  be  correlated  with  its  optical 
properties  [8].  Fig.  2  shows  such  excitation  spectra  for 
the  as-grown  sample  (Fig.  2a)  and  for  the  50CEC 
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annealed  sample  (Fig.  2b).  Clearly  the  spectra  are 
different.  From  earlier  investigations  of  several  different 
AsGa-related  defects  in  electron-irradiated  GaAs  it  is 
known  that  most  of  them  have  nearly  indistinguishable 
MCDA-EPR  spectra,  but  different  tagged  MCDA 
spectra  which  serve  as  their  fingerprints  [15].  MCDA- 
detected  electron  nuclear  double  resonance  experiments 
confirmed  evidently  the  difference  in  the  microscopic 
structure  of  the  defects  [15,16].  We  conclude  therefore 
that  we  deal  with  different  AsGa-related  defects  in  as- 
grown  and  annealed  LT-GaAs.  Furthermore,  one  can 
notice  the  similarity  of  the  MCDA  spectrum  of  the 
annealed  (500°C)  LT-GaAs  sample  and  the  MCDA 
spectrum  of  the  EL2  defect  (dashed  line),  which  appears 
in  SI  bulk  GaAs  (Fig.  2b).  The  critical  annealing 
temperature  lies  near  400°C,  where  the  MCDA  and 
MCDA-EPR  spectra  nearly  disappear.  This  behavior 
has  been  observed  in  different  series  of  samples.  It  may 
indicate  that  the  Fermi  level  position  is  shifted  because 
of  the  recombination  of  defects  or  reconstruction  of  the 
microscopic  structure  of  defects,  which  affect  their 
electronic  levels  in  the  band  gap. 

Of  particular  interest  are  also  the  MCDA  transitions 
at  photon  energies  above  the  band  gap  of  GaAs  (Fig.  2). 
The  preparation  of  the  LT-GaAs  films  with  the  lift-off 
technique  enabled  us  to  perform  MCDA  and  MCDA- 
EPR  measurements  without  the  influence  of  the  GaAs 
substrate  and  very  importantly,  to  measure  above  the 
band  gap.  For  example,  in  as-grown  LT-GaAs,  a 
MCDA-EPR  signal  was  detected  using  the  photon 
energy  of  1.69  eV  (730  nm).  For  the  isolated  AsGa  defect 
the  MCDA  spectrum,  which  shows  a  single  derivative¬ 
like  shape,  has  been  interpreted  as  belonging  to  a 
transition  from  the  Ai  ground  state  to  a  localized  excited 
T2  state  in  the  conduction  band  [17].  For  the  EL2  defect 
and  also  for  the  EL2-like  defects  in  LT-GaAs  more 


Fig.  2.  Tagged  MCDA  spectra  of  Asca-related  defects  in  (a)  as- 
grown  (200°C);  (b)  annealed  at  500°C  LT-GaAs.  Measurement 
temperature  1.5  K,  microwave  frequency  24.8  GHz,  resonance 
field  B  of  700  mT. 


transitions  are  observed,  which  are  probably  explained 
by  a  symmetry  reduction  which  splits  the  excited  state  T2 
confirming  previous  MCDA-EPR/ENDOR  results  that 
EL2  is  not  the  isolated  AsGa  defect  [18]. 

Of  interest  are  also  the  different  spin-lattice  relaxation 
times  T\  measured  for  the  different  AsGa-related  defects. 
The  MCDA  depends  only  on  the  longitudinal  magne¬ 
tization,  therefore  only  on  T\  [8].  From  such  measure¬ 
ments  a  difference  between  the  AsGa-related  defects  in 
as-grown  and  annealed  material  was  found.  T\  of  the 
defects  in  as-grown  material  was  measured  to  be  ~0.7- 
Is  at  1.5 K,  while  in  annealed  samples  at  500°C  it  is 
~  3.5^4  s.  The  latter  value  is  almost  the  same  as  that 
measured  for  EL2  defects  in  SI  bulk  GaAs.  Interesting 
to  note  is  that  AsGa-related  defects  in  LT-GaAs  (200°C) 
on  substrate  studied  earlier  showed  T\  times  of  <  100  ms 
[10].  It  seems  that  the  lattice  mismatch  between  substrate 
and  layer  induce  additional  strains  which  reduce  the  T\ 
times  similarly  to  observations  in  plastically  deformed 
GaAs. 

For  comparison  of  EL2  defects  in  bulk  GaAs  and 
AsGa-related  defects  in  annealed  LT-GaAs  the  meta¬ 
stable  properties  have  also  been  investigated  under  light 
illumination  at  low  temperatures.  It  has  been  argued 
that  the  AsGa-related  defects  in  LT  material  are  modified 
EL2  defects  because  of  the  lattice  strain  caused  by  the  As 
excess.  Inspecting  the  bleaching  behavior  of  the  native 
defects  in  as-grown  and  annealed  LT-GaAs  we  have 
observed  rather  complicated  bleaching  dynamics  which 
depend  strongly  on  annealing.  Our  investigations  con¬ 
firm  that  the  bleaching  efficiency  for  the  AsGa-related 
defects  in  LT  GaAs  is  shifted  to  higher  photon  energies, 
what  has  been  observed  previously  also  by  different 
techniques  [6].  The  shift  in  photon  energy  depends  on 
the  annealing  temperature  and  seems  to  be  maximal  for 
as-grown  samples  with  lowest  bleaching  efficiency. 
When  exposing  the  samples  to  light  which  was  usually 
used  to  bleach  the  EL2  defect  (hv  ~  1 .2  eV),  we  have 
observed  the  opposite  effect,  namely  enhancement  of  the 
MCDA-EPR  spectra.  This  can  be  related  to  recharging 
from  the  diamagnetic  (AsGa)  to  the  paramagnetic  (AsGa) 
charge  states.  The  maximal  enhancement  was  detected 
for  as-grown  LT-GaAs.  Exposing  the  material  to  white 
light  during  4h  only  ~32%  of  the  total  MCDA  of  the 
defects  in  samples  annealed  at  500°C  could  be  bleached. 
For  as-grown  material  this  value  is  even  less  (near  10%), 
which  indicates  that  most  of  the  AsGa-related  defects  are 
unbleachable.  It  seems  likely  that  we  deal  with  AsGa- 
related  defects  in  different  local  environments  and 
structures. 


3.  Summary 

MCDA  and  MCDA-EPR  spectra  of  different  AsGa- 
related  defects  in  as-grown  and  annealed  LT-GaAs  have 
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been  observed.  A  critical  annealing  temperature  has 
been  determined  to  be  about  400  C.  In  samples  annealed 
near  500"C  EL2-like  defects  were  detected,  whereas  for 
annealing  at  600  C  and  above  AsC;a-related  MCDA- 
EPR  spectra  disappeared.  The  MCDA-EPR  spectra 
superimposed  on  the  spectra  of  the  As(;;i-related  defects 
were  attributed  to  VCia-related  defects,  consistent  with 
positron  annihilation  experiments.  The  lift-off  sample 
preparation  technique  allowed  the  observation  of  the 
MCDA  bands  of  the  AsC;n-re!ated  defects  with  photon 
energies  exceeding  the  band  gap  energy  of  GaAs.  These 
transitions  were  attributed  to  localized  excited  states  in 
the  conduction  band,  which  are  indicative  of  low 
symmetry  defects  where  the  T:  excited  state  of  the 
isolated  Asq;,  is  split.  The  EL2-like  defects  observed  in 
500CC  annealed  LT-GaAs  show  nearly  the  same  tagged 
MCDA  spectra  as  those  of  EL2  defects  in  SI  bulk  GaAs 
and  a  maximum  bleaching  efficiency.  Therefore,  their 
structure  should  be  similar.  The  large  MCDA-EPR  line 
widths  of  these  defects  are  explained  by  local  disorder 
and  strain  in  the  samples. 
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Abstract 

For  almost  two  decades  the  structure  model  of  the  EL2  defect  in  semi-insulating  (SI)  GaAs  has  been  controversially 
discussed.  Neither  the  isolated  AsGa  with  7d  symmetry,  nor  the  AsGa-As/  pair  model  nor  any  other  AsGa-related  defect 
model  could  be  unambiguously  established.  The  reason  was  that  the  analysis  of  previous  optically  detected  electron 
nuclear  double  resonance  (ODENDOR)  and  optically  detected  electron  paramagnetic  resonance  (ODEPR)  spectra 
measured  at  24  GHz  was  difficult  and  not  unambiguous  because  of  forbidden  transitions,  pseudo-dipolar  couplings  and 
higher  order  effects.  However,  the  ODEPR  spectra  of  the  EL2  defect  measured  in  W-band  (93  GHz)  can  be  fitted  by 
first  order  perturbation  calculation  of  the  spin  Hamiltonian  thus  allowing  a  much  simpler  analysis  compared  to  X-  or 
K-band.  From  ODEPR  measurements  in  different  SI  GaAs  samples  both  in  K-  and  W-band  we  show  that  the  ODEPR 
spectra  of  the  EL2  defect  together  with  the  K-band  ODENDOR  data  are  not  consistent  with  the  AsGa-As,  pair  model, 
but  the  highly  symmetric  isolated  AsGa  model  has  to  be  excluded  as  well.  First  ODENDOR  measurements  in  W-band 
are  also  reported.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaAs;  EL2;  EPR;  ENDOR 


1.  Introduction 

The  microscopic  structure  of  the  dominant  deep 
donor  EL2  in  semi-insulating  (SI)  GaAs  with  its 
fascinating  metastable  properties  is  still  not  fully  under¬ 
stood.  Two  microscopic  models  are  mainly  discussed  (i) 
the  isolated  AsGa  model  having  Td  symmetry  and  the  (ii) 
AsGa-As;-  pair  defect.  The  first  model  was  based  on 
piezo  spectroscopic  studies  of  optical  transitions  of  the 
EL2  defect  [1]  and  favored  by  theory  to  explain  the 
metastable  state  [2,3].  The  second  model  was  proposed 
from  a  combined  study  of  electron  paramagnetic 
resonance  (EPR)  and  deep  level  transient  spectroscopy 
(DLTS)  [4]  and  supported  by  optically  detected  electron 
nuclear  double  resonance  (ODENDOR)  [5].  In  1992, 
ODENDOR  studies  of  electron  irradiation-induced 
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AsGa-related  defects  revealed  an  As  antisite  defect  which 
was  attributed  to  the  isolated  AsGa  defect  with  higher 
symmetry  (7d)  compared  with  EL2  [6].  In  1997,  the 
model  of  the  EL2  defect  as  an  AsGa-As/  pair  defect  was 
questioned  by  a  calculation  of  the  width  of  the  EPR  lines 
measured  in  X-  and  K-band  [7]. 

In  principle,  for  each  defect  model  derived  by 
ENDOR,  which  allows  the  determination  of  the 
hyperfine  (hf),  super-hyperfine  (shf)  and  quadrupole 
interaction  tensors  for  many  neighboring  nuclei,  the 
EPR  line  width  has  to  be  explained  by  a  calculation 
using  these  ENDOR  parameters.  This  is  necessary 
because  ENDOR  permits  only  the  determination  of 
the  ‘chemical’  nature  and  the  symmetry  and  principal 
values  of  the  interaction  tensors  of  the  neighboring 
nuclei,  but  not  their  numbers,  i.e.  how  many  members 
are  in  a  shell  [8].  The  calculation  of  the  EPR  spectrum 
from  the  ENDOR  parameters  is  necessary  to  confirm  a 
proposed  defect  model.  The  analysis  of  previous 
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optically  detected  electron  paramagnetic  resonance 
(ODEPR)  and  ODENDOR  spectra  in  K-band  was  very 
difficult  because  of  forbidden  transitions,  pseudo-dipo¬ 
lar  couplings  and  higher  order  effects  in  the  spectra.  The 
same  holds  for  conventional  X-band  (10GHz)  EPR 
measurements.  The  EPR  (and  ENDOR)  spectra  would 
have  to  be  calculated  using  exact  diagonalization  of  the 
appropriate  spin  Hamiltonian  with  prohibitive  large 
spin  matrices  preventing  a  satisfactory  calculation. 

We  present  the  results  of  W-band  (93-95  GHz)  high- 
field/high-frequency  ODEPR  investigations  of  the  EL2 
defect  in  SI  GaAs  samples  grown  either  by  the  liquid 
encapsulated  Czochralski  (LEC)  or  the  horizontal 
Bridgman  (HB)  technique.  The  samples  were  cut  to 
dimensions  of  1.5  x  1.5  x  3.0  mm3  and  orientated  by  X- 
ray  Laue  analysis  along  the  [001].  [1  10]  and  [1  1  1] 
crystallographic  axes.  It  is  shown  that  the  high-field 
ODEPR  spectra  can  be  described  by  first  order 
perturbation  calculation  of  the  spin  Hamiltonian  thus 
allowing  a  much  simpler  analysis  compared  to  X-  or  K- 
band  spectra.  First  results  of  very  recent  ODENDOR 
measurements  in  W-band  are  also  reported.  The  results 
are  discussed  with  respect  to  the  proposed  EL2  structure 
models. 


2.  Experimental  results 

Fig.  1  shows  the  typical  four-line  hf-split  ODEPR 
spectra  of  the  EL2  defect  in  SI  GaAs  measured  for 
II  [001]  in  K-band  (a)  and  W-band  (b).  respectively. 
The  spectra  were  monitored  with  the  magnetic  circular 
dichroism  of  the  absorption  (MCDA)  at  1.5  K  in 
MCDA  band  centered  at  0.94  eV.  The  observed  hf 
splitting  is  due  to  the  central 75 As  nucleus  of  the  antisite 


Fig.  1.  ODEPR  spectra  of  the  EL2  defect  in  GaAs  measured  in 
(a)  K-band  (24  GHz)  and  (b)  W-band  (93  GHz)  for  fij|[00  1]  at 
1.5  K. 


(/  =  3/2,  100%  abundance)  and  is  described  by  an 
isotropic  hf  constant  of  2656  +  30  MHz  in  agreement 
with  the  previously  determined  one  from  K-band. 
However,  the  four  hf  lines  measured  in  W-band  are 
equidistant  (93  mT  separation)  in  contrast  to  the  K-band 
spectra  where  the  hf  line  separation  increases  with 
increasing  magnetic  field. 

The  angular  dependence  of  the  ODEPR  line  widths 
measured  in  W-band  is  shown  in  Fig.  2.  The  center  line 
positions  of  the  hf  ODEPR  lines  are  isotropic.  But  the 
ODEPR  line  width  varies  by  about  2.5  mT  with  the 
orientation  of  the  samples.  It  is  smallest  for  fio|![001] 
and  largest  for  fi0||[l  1  1],  both  in  K-  and  W-band 
spectra.  The  ODEPR  line  widths  in  W-band  are  smaller 
by  about  2mT  compared  to  K-band  measurements.  This 
result  is  expected  because  of  reduced  contributions  of 
forbidden  transitions  in  W-band.  For  example,  ODEPR 
line  widths  measured  very  carefully  with  the  lowest 
microwave  power  levels  for  £o||[00  1]  are  38.0  +  0.8  mT 
and  35.7  +  0.8  mT,  in  K-  and  W-band.  respectively. 

Fig.  3  shows  the  very  first  ODENDOR  measurements 
in  W-band  for  Bu ||[1  1  0]  +  20"  (20r  off[l  I  0]  in  a  (00  I) 
plane)  setting  fi()  into  the  flanks  of  two  of  the  "^As  hf 
lines.  Compared  to  the  many  ENDOR  lines  in  K-band 
[5]  due  to  higher  order  effects  there  are  less  lines.  All 
lines  are  due  to  75As  and  ms  =  - 1/2  (‘sunr  frequencies) 
as  seen  from  the  lines  shifts  when  varying  Bu.  No  further 
sample  orientations  could  yet  be  measured.  Further 
work  is  in  progress. 


3.  Discussion 


Wirbeleit  et  al.  [7]  have  performed  calculations  of  the 
EPR/ODEPR  line  width  of  the  EL2  defect  using  an 
exact  diagonalization  of  the  spin  Hamiltonian  and 


Magnetic  field  (mT) 

Fig.  2.  Angular  dependence  of  the  ODEPR  line  widths  of  the 
EL2  defect  in  SI  GaAs  measured  in  W-band  for  rotation  of  the 
magnetic  field  in  the  (011)  plane.  0  corresponds  to  fi||[001] 
and  90  to  fi|| [1  1  0]. 
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Fig.  3.  ODENDOR  spectra  measured  in  W-band  (93  GHz)  for 
50||[I  1 0]  +  20°  (20°  in  (00  1)  plane)  for  two  Bq  values.  All  lines 
are  due  to  75As  nuclei. 


compared  the  results  with  experimental  spectra.  Un¬ 
fortunately,  Wirbeleit  et  al.  did  not  publish  absolute 
values  for  the  line  widths.  They  concluded,  that  the 
AsGa-As,-  pair  model  for  the  EL2  defect  was  wrong  and 
that  the  half  width  calculated  with  the  ENDOR 
parameters  without  the  As  interstitial  is  consistent  with 
the  EPR  line  width,  i.e.  they  favored  the  isolated  AsGa 
antisite  model.  However  in  their  calculations  Wirbeleit 
et  al.  used  some  approximations:  (i)  they  considered  only 
off-diagonal  elements  of  the  spin  matrices  near  the 
diagonal  and  (ii)  they  neglected  the  central  75As  hf 
interaction.  Unfortunately,  a  calculation  of  the  EPR 
spectra  never  appeared  using  their  full  diagonalization 
procedure. 

The  equidistance  of  the  four-line  hf-split  ODEPR 
spectrum  measured  in  W-band  indicates  that  the 
spectrum  can  be  calculated  in  the  first  order  perturba¬ 
tion  theory  approximation,  i.e.  the  Zeeman  interaction  is 
much  stronger  than  the  hf  interaction  of  the  central  As 
nucleus.  Thus,  the  W-band  ODEPR  spectra  are  much 
simpler  to  analyze  in  comparison  with  X-  or  K-band 
spectra  because  forbidden  transitions  of  type  Am/  =  + 1 
are  less  probable.  The  transition  probability  of  the 
forbidden  transitions  is  proportional  to  (\/Bo)2.  There¬ 
fore,  their  intensities  in  W-band  are  reduced  by  more 
than  one  order  of  magnitude  compared  to  K-band 
measurements  (see  also  Ref.  [9]). 

In  W-band  in  first  order  perturbation  theory  all  nuclei 
can  be  treated  independently.  One  needs  only  to  know 
their  shf  interaction  constants  and  their  nuclear  spin 
quantum  numbers.  With  the  knowledge  of  the  ODEN¬ 
DOR  line  width  which  is  about  1  MHz  as  measured  for 
the  EL2  defect  in  K-band,  all  allowed  EPR  transitions 
can  be  summed  up  to  give  the  total  ODEPR  spectrum  in 
first  order. 


For  the  line  width  calculations  the  ODENDOR 
parameters  of  Ref.  [5]  have  been  used,  i.e.  g  =  2.04, 
a  =  2656  MHz  (central  75As  nucleus),  and  the  shf 
parameters:  a—  167.8MHz,  b  =  53.9 MHz  (4  next 
nearest  As  neighbors);  a  =35.2  MHz,  b  =  —1.3  MHz 
(3  second  nearest  As  neighbors);  a  =19.5  MHz, 
b  =  3.2 MHz  (9 second  nearest  As  neighbors).  In  order 
to  examine  of  the  two  structure  models,  isolated  AsGa 
versus  AsGa-As/  pair  defect,  for  the  latter  the  As 
interstitial  was  considered  with  its  shf  parameters 
a  =  21 5  MHz  and  6  =  44  MHz  [5].  Anisotropic  shf 
interaction  parameters  b  have  been  included  in  the 
calculations  for  orientations  different  from  [001].  The 
quadrupole  interactions  of  the  neighboring  nuclei  can  be 
neglected  in  first  order  [8]. 

Calculating  the  full  half  width  (JFi/2)  of  the  ODEPR 
spectra  for  the  isolated  AsGa  model  we  obtain  33.7,  36.0 
and  39.1  mT  for  the  [0  0  1],  [1  1  0]  and  [1  1  1]  orientations, 
respectively.  Considering  the  interaction  with  an  addi¬ 
tional  As  interstitial  in  the  AsGa-As/  model  we  obtain 
39.5,  41.3  and  42.8  mT.  The  measured  line  widths  in  W- 
band  are  35.7,  36.8  and  38.0  mT,  respectively,  with  an 
error  of  +0.8  mT.  In  the  literature  a  value  of  33.0 mT 
has  been  published  for  the  peak-to-peak  line  width 
(Wpp)  of  the  conventional  EPR  spectrum  of  the  EL2 
defect  for  2?o||[001]  in  X-band  [10],  which  corresponds 
to  38.0  mT  for  W\j2  in  agreement  with  K-band  ODEPR 
measurements. 

The  result  can  be  summarized  as  follows:  (i)  the 
experimental  (W-band)  ODEPR  line  widths  lie  between 
the  calculated  ones  for  the  isolated  and  the  AsGa-As,- 
pair  model;  (ii)  the  measured  variation  of  the  line  width 
with  orientation  of  the  samples  is  smaller  than  the 
calculated  one  both  for  the  isolated  and  for  the  pair 
model;  (iii)  the  ODEPR  line  width  in  W-band  is  smaller 
by  2  mT  compared  to  the  K-band  line  width  and  (iv)  the 
ODEPR  line  width  measured  in  K-band  is  in  agreement 
with  X-band  conventional  EPR  measurements.  The  first 
result  can  be  explained  if  we  assume  that  the  high  shf 
values  determined  for  the  As  interstial  from  the 
ODENDOR  measurements  [5]  are  not  correct.  The 
corresponding  ODENDOR  lines  with  very  low  intensity 
may  have  been  due  to  forbidden  transitions  and  were 
wrongly  interpreted.  From  the  second  result  a  lower 
symmetry  than  C3V  could  be  suggested  because  in  that 
case  the  measured  line  width  variation  A  IF  is  smaller  as 
the  calculated  one  for  both  the  isolated  as  well  as  for  the 
pair  defect.  The  third  result  is  consistent  with  a  predicted 
reduction  of  forbidden  transition  probabilities  at  higher 
magnetic  fields  Bq.  The  last  point  means  that  conven¬ 
tional  EPR  and  ODEPR  detect  the  same  defect. 

Thus,  when  calculating  the  ODEPR  spectra  of  the 
EL2  defect  in  first  order  perturbation  theory  with  the 
ODENDOR  parameters  of  Ref.  [5]  and  comparing  the 
results  with  the  new  W-band  experimental  results  we  can 
exclude  the  AsGa-As,  model  as  the  model  for  EL2.  An 
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additional  As,  with  r/  =  215MHz  and  />  =  44MHz, 
respectively,  leads  to  larger  line  widths  compared  to 
the  isolated  AsGa  model.  However,  when  comparing  the 
measured  and  calculated  line  shapes  the  EL2  defect  can 
not  be  the  isolated  AsGa  antisite  defect  with  7j 
symmetry  either.  The  resulting  line  width  would  be  too 
small.  This  conclusion  is  supported  by  other  experi¬ 
mental  information  such  as  its  MCDA  line  shape  in 
comparison  with  other  AsGa-related  defects  [11],  the 
ODENDOR  spectra  of  the  higher  As  neighbor  shells 
and  the  observation  that  the  isolated  AsGa  defect  is 
produced  in  SI  GaAs  by  low  temperature  electron 
irradiation  and  not  stable  at  room  temperature  [6]. 

The  first  W-band  ODENDOR  spectra  for 
Z?o|1[l  10]  +  20°  show  at  least  8  lines  belonging  to  7>As 
and  ms  =  -1/2,  all  in  a  frequency  range  where  nearest 
neighbors  are  measured  (further  neighbors  would  be  at 
much  lower  frequencies).  For  an  isolated  AsGa-defect 
with  T<\ -symmetry  including  a  quadrupole  interaction 
(/  =  3/2)  at  most  2  triplets,  that  is  only  6  lines  would  be 
measured  for  Bu  in  a  [00  1}  plane.  There  are,  however, 
more  lines.  The  observed  pattern  can  not  be  due  to  a  tilt 
of  the  sample  either.  Thus,  with  all  precaution,  because 
an  angular  dependence  has  not  yet  been  measured,  it 
looks  as  if  the  EL2  defect  is  a  perturbed  AsGa  defect  in 
which  not  all  nearest  As  neighbors  are  equivalent. 

4.  Conclusions 

From  ODEPR  measurements  of  the  EL2  defect  in  W- 
band  and  calculations  of  the  ODEPR  spectra  we  can 
conclude  that  the  AsGa-As,  model  assuming  an  addi¬ 
tional  As  interstitial  is  not  consistent  with  the  observed 
ODEPR  line  widths.  However,  the  EL2  cannot  be  the 


highly  symmetric  isolated  AsGa  defect  either.  Thus,  EL2 
must  be  an  AsGa-related  defect  with  lower  than  7/j 
symmetry.  The  cause  for  the  symmetry  lowering, 
however,  should  only  contribute  a  very  small  shf 
interaction.  For  example,  a  vacancy  as  suggested  in 
Ref.  [11]  could  cause  a  nonequivalence  in  nearest 
neighbor  shf  interactions  and  thus  explain  the  experi¬ 
mental  line  width  in  W-band.  The  first  W-band  ENDOR 
measurements  seem  to  support  this. 
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Abstract 

Two  deep-level  traps  associated  with  lattice-mismatch  induced  defects  in  GaAs/InGaAs  hetero structures  have  been 
revealed  by  means  of  deep-level  transient  spectroscopy  (DLTS).  An  electron  trap,  at  Ec  -  0.64  eV,  has  been  attributed 
to  electron  states  associated  with  threading  dislocations  in  the  ternary  compound  while  a  hole  trap,  at  Ev  +-  0.67  eV,  has 
been  ascribed  to  misfit  dislocations  at  the  heterostructure  interface.  Detailed  investigation  of  the  dependence  of  DLTS- 
line  amplitude  and  its  shape  on  the  filling  time  of  the  traps  with  charge  carriers  allowed  us  to  specify  the  type  of 
electronic  states  related  to  both  traps.  In  terms  of  the  model  of  electronic  states  associated  with  extended  defects,  which 
takes  into  account  the  rate  at  which  the  states  reach  their  internal  electron  equilibrium,  we  relate  the  electron  trap  to 
“localized”  states  and  the  hole  trap  to  “bandlike”  ones.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Semiconductor  heterostructures;  Dislocations;  Deep  levels;  Capture  kinetics 


I.  Introduction 

Lattice-mismatched  GaAs-based  hetero  structures  are 
of  continual  interest  because  of  their  application  in  high¬ 
speed  and  optoelectronic  devices.  Epitaxial  growth  of 
those  heterostructures  is  accompanied  by  a  strain  in  the 
epitaxial  layer  that  results  from  a  difference  in  lattice 
parameters  between  the  substrate  and  the  layer.  If  the 
thickness  of  the  layer  exceeds  its  critical  value  the  strain 
is  relieved  by  the  formation  of  misfit  dislocations.  In 
heteroepitaxial  semiconductor  systems  with  zinc-blende 
structure  and  small  lattice  mismatch,  grown  on  (001)- 
oriented  substrates,  orthogonal  arrays  of  regular  60° 
misfit  dislocations  are  formed  at  the  interface  [1].  The 
misfit  dislocations  are  accompanied  by  threading  dis¬ 
locations  which  propagate  into  the  epitaxial  layer.  Both 
kinds  of  dislocations  can  give  rise  to  energy  levels  in  the 
band  gap  which  act  as  recombination  centres  or  traps 
for  free  carriers.  Due  to  translational  symmetry  along 
dislocation  lines,  one-dimensional  energy  bands  rather 
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than  isolated  localized  electron  states  are  expected  to  be 
associated  with  the  dislocation  cores. 

In  our  recent  paper  [2],  we  revealed,  by  means  of  deep- 
level  transient  spectroscopy  (DLTS),  three  deep-level 
traps  associated  with  lattice-mismatch  induced  defects  in 
two  types  of  GaAs-based  heterostructures:  GaAs/ 
GaAsSb  and  GaAs/InGaAs.  In  this  communication  we 
report  new  results  of  systematic  investigation  of  kinetics 
for  capture  of  charge  carriers  into  the  trap  states.  They 
give  a  new  insight  into  the  nature  of  the  electronic  states 
associated  with  two  of  the  traps,  which  have  been  related 
to  lattice-mismatch  induced  dislocations. 


2.  Samples 

We  investigated  GaAs/InGaAs  heterostructures,  with 
the  In  content  of  2%,  grown  by  molecular  beam  epitaxy 
(MBE).  The  InGaAs  layer  of  1  pm  thickness  was  grown 
on  n  +  -type  GaAs  buffer  layer  doped  with  Si.  The 
InGaAs  layer  was  Si  doped  to  a  thickness  of  0.3  pm  and 
its  upper  part  was  Be  doped  to  p-type  at  the  concentra¬ 
tion  of  1016cm-3,  so  that  an  n+-p  junction  was  formed 
in  the  layer  of  the  ternary  compound.  The  junction 
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Fig.  1.  Distribution  of  misfit  dislocations  at  the  interface  of 
n4-p  GaAs/Inoo:Gao  ()sAs  heterojunction  revealed  by  means 
of  EBIC  technique  in  a  scanning  electron  microscope. 


position  was  shifted  from  the  heterointerface  towards 
the  InGaAs  side  by  0.3  pm. 

A  difference  in  lattice  constant  between  GaAs  and  the 
ternary  compound,  of  about  0.2%,  resulted  in  the 
generation  of  a  two-dimensional  network  of  misfit 
dislocations  lying  along  two  orthogonal  <1  10>  direc¬ 
tions  at  the  (001)  interface.  Such  a  dislocation  network 
which  has  been  revealed  by  means  of  an  electron-beam 
induced  current  (EBIC)  technique  in  a  scanning  electron 
microscope  is  shown  in  Fig.  1.  Here,  the  misfit  disloca¬ 
tions  are  visible  as  dark  lines  owing  to  enhanced 
recombination  rate  of  electron-hole  pairs  generated  by 
an  electron  beam. 


3.  DLTS  results 

The  spectrum  of  lattice-mismatch  induced  defects  has 
been  studied  by  means  of  DLTS  using  p-n  junctions 
formed  in  the  epilayers.  This  allowed  for  investigation  of 
both  electron  traps  in  the  upper  half  of  the  band  gap  and 
hole  traps  in  the  lower  half. 

One  electron  trap,  called  EDI,  has  been  revealed  in 
the  DLTS  spectrum  measured  under  typical  bias 
conditions,  i.e.  under  reverse  quiescent  bias,  which  was 
decreased  to  zero  during  the  filling  pulse.  Fig.  2.  This 
trap,  with  a  deep  level  at  £c—0.64eV  as  determined 
from  the  slope  of  the  Arrhenius  plot  shown  in  Fig.  3,  has 
been  attributed  to  threading  dislocations  in  the  layer  of 
ternary  compound  close  to  the  plane  of  p-n  junction 
[2].  The  EDI  trap  had  been,  for  the  first  time,  revealed 
by  means  of  DLTS  in  plastically  deformed  bulk  GaAs  at 
Ec  ~  0.68  eV  and  related  to  electron  states  associated 
with  60  dislocations  [3].  The  same  trap  was  then  found 
in  several  MOVPE-grown  GaAs/InGaAs  heterostruc¬ 
tures  by  Watson  et  al.  [4]  and  by  Panepinto  et  al.  [5], 
who  ascribed  the  trap  to  misfit  dislocations  generated 
either  at  the  interface  [4]  or  in  GaAs  buffer  layer  close  to 
the  interface  [5]. 


Fig.  2.  DLTS  spectra  measured  at  a  rate  window  of  48  s  1  for 
the  n"  -p  GaAs/InGaAs  hctcrojunction.  The  upper  spectrum 
was  recorded  under  reverse-bias  conditions  while  the  lower  one 
was  detected  under  forward-bias  injection.  Note  the  scale 
expansion  for  the  upper  spectrum. 
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Fig.  3.  Temperature  dependence  of  the  thermal  emission  rates 
(Arrhenius  plots)  for  the  traps  revealed  in  the  GaAs  InGaAs 
hctcrojunction.  Energy  positions  of  the  trap  levels,  evaluated 
from  the  Arrhenius  plots,  are  written  in  the  figure.  The  inset 
shows  DLTS  peak  amplitudes  of  EDI  and  HD3  traps  versus 
filling-pulse  duration. 

We  have  also  identified  the  EDI  trap  in  GaAs/ 
GaAsSb  heterostructures  with  different  Sb  content  (0- 
3%)  and  attributed  it  to  threading  dislocations  present 
in  the  GaAsSb  epilayer  [2,6].  The  activation  energies  for 
the  electron  emission  from  the  EDI  traps,  obtained  for 
various  heterostructures,  decrease  with  an  increase  of 
the  Sb  or  In  content  in  the  epitaxial  layer  similar  to  the 
manner  in  which  the  band-gap  energy  in  the  ternary 
compound  decreases  [2].  This  relation  implies  that  the 
energy  level  position  of  the  trap  with  respect  to  the  top 
of  the  valence  band  remains  the  same  in  each  material, 
suggesting  that  the  defect  state  is  composed  primarily  of 
the  valence  band  states.  A  similar  dependence  of  the  trap 
activation  energy  on  the  band  gap  energy  has  recently 
been  found  by  Pal  et  al.  [7]  for  the  electron  trap, 
attributed  to  threading  dislocations  in  MBE-grown 
InGaAs  layers  with  higher  (10-30%)  In  mole  fractions. 
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On  the  other  hand,  our  DLTS  measurements  per¬ 
formed  under  injection  conditions,  i.e.  under  zero 
quiescent  voltage  and  forward-bias  filling  pulse,  revealed 
one  hole  trap  (Fig.  2),  called  HD3,  with  a  deep  level  at 
Ey  -f  0.67  eV  (Fig.  3).  We  relate  the  trap,  which  has  been 
detected  only  when  the  DLTS-active  region  comprises 
the  interface,  to  defects  associated  with  the  lattice- 
mismatched  interface,  most  probably  to  misfit  disloca¬ 
tions  lying  at  the  interface.  We  revealed  the  same  hole 
trap  in  the  DLTS  spectra  of  lattice-mismatched  GaAs/ 
GaAsSb  heterostructures;  however,  the  precise  evalua¬ 
tion  of  its  activation  energy  was  strongly  disturbed 
owing  to  the  position  of  its  DLTS  line  on  the  high- 
temperature  slope  of  another  line  in  those  heterostruc¬ 
tures  [2].  Probably  the  hole  trap  recently  found  by  Du 
et  al.  [8]  in  lattice-mismatched  GaAs/InGaAs  hetero¬ 
structures  with  various  In  mole  fractions  and  layer 
thicknesses  is  the  same  as  HD3.  That  trap,  labelled  H4 
by  the  authors,  with  the  DLTS  activation  energy 
between  0.67  and  0.73  eV,  has  been  related  to  misfit 
dislocations  at  the  interface  by  comparing  the  DLTS 
spectra  in  various  heterostructures  with  the  distribution 
of  dislocations  revealed  by  means  of  transmission 
electron  microscopy  (TEM). 

4.  Capture  kinetics 

The  principal  argument  for  the  assignment  of  the 
traps  to  dislocations  was  logarithmic  kinetics  for  capture 
of  charge  carriers  into  the  trap  states.  Such  kinetics 
results  from  the  Coulomb  interaction  between  a  charge 
carrier  just  being  captured  and  other  charges  already 
captured  at  the  dislocation  line  [9].  This  interaction 
manifests  itself  in  DLTS  measurements  in  a  linear 
dependence  of  the  signal  amplitude  on  the  logarithm  of 
the  filling-pulse  duration  [3],  as  shown  for  the  EDI  and 
HD3  traps  over  several  orders  of  magnitude  of  that 
duration;  see  the  inset  of  Fig.  3.  In  contrast,  isolated 
point  defects  or  impurities  exhibit  exponential  capture 
kinetics. 

Recently,  Schroter  et  al.  [10,11]  proposed  that 
electronic  states  associated  with  extended  defects  in 
semiconductors  can  be  classified  as  localized  or  bandlike 
by  taking  into  account  the  rate  R\ ,  at  which  the  states 
reach  their  internal  electron  equilibrium.  The  internal 
equilibration  rate,  when  compared  to  the  carrier 
emission  rate  from  the  defect  Re  and  the  capture  rate 
Rc ,  allows  us  to  distinguish  between  localized  states 
(R\  <RC,  Rc)  and  bandlike  ones  (Rx$>Re,  Rc).  The 
authors  demonstrated,  by  computer  simulation  of 
DLTS  spectra  induced  by  the  two  types  of  states,  that 
can  be  distinguished  on  the  grounds  of  dependence  of 
their  DLTS-line  shape  on  the  filling  time. 

For  localized  states  the  DLTS-line  maximum  stays 
constant  while  changing  the  filling-pulse  duration, 
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Fig.  4.  DLTS  line  for  the  EDI  trap  and  its  dependence  on 
filling-pulse  duration,  whose  values  are  written  in  the  figure, 
measured  at  a  rate  window  of  2s-1.  In  the  inset,  the  line 
amplitude  is  normalized  to  the  same  height. 
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Fig.  5.  DLTS  line  for  the  HD3  trap  and  its  dependence  on 
filling-pulse  duration,  written  in  the  figure,  measured  at  a  rate 
window  of  2s-1. 


whereas  the  line  amplitude  exhibits  a  linear  dependence 
on  the  logarithm  of  the  filling  time.  Such  behaviour  has 
been  found  for  the  EDI  trap  as  shown  in  Fig.  4.  This 
finding  is  in  agreement  with  the  results  of  Panepinto  et  al. 
[5]  for  the  same  electron  trap,  labelled  EG4  in  Ref.  [5].  It 
has  also  been  shown  that  the  DLTS  signal  associated 
with  60°  dislocations  in  plastically  deformed  Si  can  be 
described  by  this  type  of  electronic  states  [10], 

On  the  contrary,  in  the  case  of  bandlike  states, 
variation  of  filling-pulse  duration  results  in  broadened 
DLTS  lines  whose  maximum  shifts  towards  lower 
temperature  on  increasing  that  duration  and  whose 
high- temperature  sides  coincide.  This  is  the  case  of 
the  HD3  trap  as  demonstrated  in  Fig.  5.  Possibly,  the 
electronic  states  associated  with  misfit  dislocations 
belong  to  bandlike  states  because  of  a  higher  regularity 
of  those  dislocations  as  compared  with  the  threading 
ones.  To  this  category  of  states  belong  also  electronic 
states  associated  with  dislocation  rings  bounding  na¬ 
noscale  NiSi2  precipitates  in  silicon  [11]. 
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5.  Conclusions 

One  electron  trap  and  one  hole  trap  have  been  found 
with  the  DLTS  technique  in  lattice-mismatched  GaAs/ 
InGaAs  heterostructures.  The  electron  trap,  called  EDI, 
has  been  attributed  to  threading  dislocations  in  the  layer 
of  ternary  compound,  whereas  the  hole  trap,  HD3,  has 
been  related  to  misfit  dislocations  lying  at  the  hetero¬ 
structure  interface.  A  thorough  analysis  of  the  depen¬ 
dence  of  DLTS-line  shape  of  the  traps  on  the  filling  time 
allowed  us  to  specify  the  type  of  electronic  states  related 
to  both  traps.  We  relate  the  EDI  electron  trap  to 
localized  states  and  the  HD3  hole  trap  to  bandlike  ones. 
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Abstract 

The  effect  of  low-energy  plasma  treatment  on  GaAs/AlGaAs  multiple  quantum  wells  structures  has  been  studied  by 
CW  and  time-resolved  photoluminescence.  An  increase  of  the  photoluminescence  intensity  of  quantum  wells  below  the 
plasma  damaged  region  is  observed.  The  concentration  of  nonradiative  centers  in  these  QWs  is  reduced  by  a  factor  of  30 
after  a  40  s  exposure  to  a  CF4  plasma.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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Low-energy  fluoride-based  plasmas  are  widely  used  in 
III-V  semiconductor  device  fabrication  for  selective 
removal  of  dielectric  films  from  the  surface  of  the 
structures.  During  this  reactive  ion  etching  (RIE) 
process,  overetching  is  a  common  practice  to  ensure 
complete  removal  of  the  dielectric  films.  Inevitably, 
semiconductor  materials  below  the  dielectric  films  have 
to  be  exposed  to  the  plasma  leading  to  damage  of  the 
near-surface  region  and  as  a  result  both  the  electrical 
and  the  optical  properties  of  the  materials  deteriorate 
significantly  [1-7].  In  order  to  exploit  the  full  potential 
of  the  plasma  treatment  and  to  develop  new  processes 
for  future  applications  it  is  necessary  to  understand  the 
cause  and  effect  of  this  damage.  Wang  et  al.  [8]  have 
proposed  to  detect  the  RIE  induced  effects  utilizing  the 
photoluminescence  (PL)  properties  of  AlGaAs/GaAs 
multiple  quantum  well  (MQW)  structures.  To  increase 
the  detection  sensitivity  of  point  defects  generated  by 
RIE,  Ooi  et  al.  [9]  have  used  a  quantum  well  intermixing 
technique.  Both  publications  report  on  a  reduction  of 
the  PL  intensity  generated  by  near-surface  QWs  which 
are  damaged  by  the  RIE  process.  In  our  investigations 
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not  only  a  reduction  of  the  near-surface  PL  is  observed, 
in  addition  we  also  detected  an  increase  of  the  PL 
intensity  from  QWs  lying  below  the  damaged  region 
after  the  structure  is  treated  using  a  CF4  plasma. 

The  AlGaAs/GaAs  MQW  structures  used  in  this 
study  were  grown  by  molecular  beam  epitaxy.  A  1 .0  pm 
undoped  GaAs  layer  was  grown  on  a  (100)  semi- 
insulating  GaAs  substrate,  followed  by  a  0.5  pm 
undoped  Al0.3Ga0.7As  layer,  and  GaAs  QWs  of  different 
widths  were  grown  on  top  of  this  layer.  In  particular  the 
region  contains  six  QWs  with  2.2,  2.8,  3.4,  4.2,  5.6  and 
8.5  nm  wide  wells,  which  are  separated  by  24  nm 
Alo.3Gao.7As  barriers.  The  sample  was  capped  by  a 
lOnm  GaAs  layer.  Furthermore  a  short-period  AlAs / 
GaAs  superlattice  was  introduced  within  the  0.5  pm 
Alo.3Gao.7As  layer  to  trap  impurities  which  are  segre¬ 
gated  during  growth  on  the  AlGaAs  surface  [10-13]  and 
point  defects  originating  from  the  substrate  [14].  For  the 
plasma  treatments  CF4  gas  was  used.  The  plasma  power 
density  was  kept  at  0.5  W  cm"2  with  an  operating 
pressure  of  0.07  Torr  and  direct  current  self-bias  of 
approximately  —300  V.  The  exposure  time  was  varied 
from  5  to  600  s.  In  order  to  avoid  sample  heating  during 
extended  plasma  treatment  the  plasma  was  extinguished 
after  120  s  exposure  and  the  sample  was  cooled.  A 
632.8  nm  He-Ne  laser  with  a  power  density  of 
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20Wcm ~2  was  used  to  perform  continuous  wave  PL 
measurements.  Since  the  absorption  coefficient  at 
632. 8nm  is  about  3  x  104cm  1  and  1  x  104cm"  1  in 
GaAs  and  Alu.3Gao.7As  (T  =  77K).  respectively,  ap¬ 
proximately  3%  of  the  illuminated  light  is  absorbed  in 
each  QW.  The  details  of  the  equipment  used  for  time 
resolved  PL  measurements  were  described  elsewhere 
[15]. 

Fig.  1  presents  77  K  PL  spectra  of  the  structure 
obtained  before  and  after  an  exposure  to  CF4  plasma. 
The  PL  peak  at  822  nm  (1.507  eV)  originates  from  band 
to  band  recombination  in  the  GaAs  layer  and  the  other 
peaks  are  due  to  1  ehh  transitions  in  the  quantum  wells. 
The  2.2*  2.8,  3.4,  4.2  and  5.6  nm  QWs  in  the  as-grown 
sample  reveal  a  high  PL  intensity,  only  the  8.5  nm  QW 
(which  is  nearest  to  the  substrate)  shows  a  low  PL 
intensity.  Note  that  at  liquid  helium  temperature  all  the 
QWs  show  the  same  PL  intensities,  therefore,  the 
amount  of  the  excitation  light  absorbed  by  the  8.5  nm 
QW  is  approximately  the  same  as  in  the  others.  After 
60s  exposure  to  the  CF4  plasma  the  PL  signal 
originating  from  the  surface  near  QW  completely 
disappears,  while  the  PL  signal  generated  in  the  3.4, 
4.2  and  5.6  nm  QWs  remains  unchanged.  Unexpectedly 
the  PL  signal  arising  from  the  8.5  nm  QW  is  increased  by 
more  than  one  order  of  magnitude  and  lines  up  with  the 
intensities  of  the  3.4,  4.2  and  5.6  nm  QWs.  No  shift  in 
the  PL  peaks  of  the  QWs  is  observed. 

Fig.  2  shows  the  PL  peak  intensities  of  all  QWs  after 
CF4  plasma  exposure.  The  PL  intensities  were  normal¬ 
ized  relative  to  the  intensities  obtained  from  as-grown 
QWs.  Since  the  GaAs  layer  is  far  enough  away  from  the 
sample  surface  to  remain  undamaged  under  the  plasma 


Wavelength  (nm) 


Fig.  1.  PL  spectra  of  the  GaAs/GaAlAs  MQW  structures 
obtained  before  {solid  line)  and  after  (dashed  line)  a  60s  CF4 
plasma  exposure.  Numbers  label  the  PL  originating  from  the 
following  QWs:  1-2.2.  2-2.8.  3  -3.4.  4  4.2.  5-5.6,  and  6  8.5  nm. 


Fig.  2.  Normalized  QW  PL  intensity  vs  depth  in  the  structures 
exposed  for  60s  in  the  CF4  and  Ar  plasmas. 


treatment  its  PL  was  used  as  a  reference.  Fig.  2  clearly 
shows  that  the  CF4  plasma  causes  PL  degradation  in  the 
near  surface  region  and  also  induces  an  increase  of  the 
PL  intensity  of  deeper  lying  QWs  below  this  region.  A 
clear  PL  enhancement  is  observed  in  the  QW,  which 
reveals  a  low  initial  PL  intensity  in  as-grown  samples. 
The  low  PL  intensity  is  thereby  attributed  to  the 
segregation  of  impurity  atoms  and  point  defects  at 
QW  interfaces  during  growth,  which  act  as  traps  or 
nonradiative  recombination  centers.  Possible  reasons  for 
the  plasma-induced  increase  of  the  PL  intensity  would 
be  an  annihilation  or  significant  transformation  of  the 
nonradiative  centers  due  to  interaction  with  some 
plasma-induced  highly  mobile  defects. 

During  plasma  exposure  an  implantation  of  incident 
species  (ions  of  plasma,  elements  from  walls  of  the 
reactor)  and  a  generation  of  point  defects,  such  as 
vacancies  and  interstitial  atoms,  occurs  in  the  near¬ 
surface  region  of  the  structures.  It  is  well  known  that 
fluoride  and  hydrogen  can  passivate  the  dangling  or 
defective  bonds  acting  as  traps  or  nonradiative  recom¬ 
bination  centers  in  amorphous  silicon  [16].  Moreover,  it 
was  shown  [17-19]  that  the  incorporation  of  hydrogen  in 
II I— V  semiconductor  structures  leads  to  the  passivation 
of  deep  nonradiative  centers  and  to  enhancement  of  PL 
efficiency.  Therefore  we  first  assumed  that  implanted 
fluoride  could  penetrate  into  the  GaAs/AlGaAs  MQW 
structures  and  passivate  the  growth  defects.  In  order  to 
prove  this  assumption  we  compared  the  influence  of  Ar 
and  Kr  plasmas  on  the  PL  intensity  obtained  from  the 
MQW  structures.  The  normalized  PL  intensities  of 
QWs,  which  are  treated  by  an  Ar  plasma  are  shown  in 
Fig.  2  as  full  triangles.  From  comparison  it  becomes 


T.S.  Shamirzaev  et  al.  /  Physica  B  308-310  (2001)  761-764 


763 


evident  that  the  nature  of  the  PL  enhancement  is 
independent  from  the  plasma  gas  used.  We  therefore 
conclude  that  the  observed  PL  increase  is  caused  by 
plasma-induced,  highly  mobile  point  defects  and  not  by 
a  fluoride  passivation.  After  low-temperature  annealing 
(400°C  in  Ar  atmosphere  for  60s)  a  depassivation 
occurs,  and  the  PL  intensity  of  the  deeper  lying  QW 
drops  again.  However,  a  second  plasma  treatment  once 
more  leads  to  the  passivation  of  the  growth  defects. 

Fig.  3  shows  the  normalized  PL  intensity  as  a  function 
of  CF4  exposure  time.  This  figure  demonstrates  that  the 
PL  intensity  arising  from  the  8.5  nm  QW  significantly 
increases  after  only  a  To  =  20  s  exposure  to  the  plasma,  a 
further  prolongation  of  the  exposure  time  hardly 
increases  the  PL  intensity.  Moreover,  Fig.  3  shows  that 
the  prolongation  of  the  exposure  time  up  to  10  min 
enlarges  the  near-surface  damaged  region.  In  order  to 
estimate  a  diffusion  coefficient  (. D )  of  the  plasma- 
induced  point  defects,  which  cause  the  increase  in  the 
PL  intensity  in  the  deepest  QW  we  use  the  diffusion 
length  relationship  d  =  (Dt)1^2,  where  t  is  the  exposure 
time  and  d=\l nm  is  the  distance  of  8.5  nm  QW  from 
the  surface.  We  took  t  equal  to  to  and  obtained  the  D 
value  of  about  10_1 1  cm2  s-1.  It  should  be  noted  that  the 
measured  values  of  the  defect  diffusion  coefficient  are 
too  high,  particularly  taking  into  account  that  during 
the  plasma  treatment  the  temperature  of  the  samples  did 
not  exceed  50°C.  It  seems  likely  that  an  excitation  of  the 
crystal  by  ultraviolet,  X-rays,  and  energetic  electrons 
generated  in  the  plasma  enhances  diffusion  of  the  defects 
in  MQW  structures.  Investigations  of  these  effects  are  in 
progress  now. 

In  order  to  estimate  the  change  of  the  growth  defect 
concentration  in  the  8.5  nm  QW  we  measured  the  PL 
lifetime  in  this  QW  before  and  after  a  40  s  exposure  to 
plasma  as  a  function  of  the  temperature.  Jin  et  al.  [20] 
obtained  the  following  equation  that  connect  the  PL 
decay  lifetime  (t)  with  the  bath  temperature  (J)  and  the 


Fig.  3.  Variation  of  the  normalized  PL  intensities  originating 
from  the  QWs  in  the  structure  as  a  function  of  CF4  plasma 
exposure  time. 


nonradiative  recombination  probability  (i?nr). 

T (T)  =  (Po  4-  nc(T))/(p0Rr(T)  +  nc(T)Rnr(T)),  (1) 

Rr(T)  =  Bnc(T)  +  RXt 

Rnr(T)  =  Rq  +  Rs  exp [~EA/kT], 

nc(T)  =  [memh/(me  +  mh)]  [kT/nh2]  exp [~-Ex/kT], 

where  1  /Rx  is  the  intrinsic  exciton  radiative  lifetime,  B  is 
the  rate  of  the  band-to-band  radiative  recombination  of 
the  free  carriers,  R0  is  the  nonradiative  recombination 
probability,  which  is  proportional  to  the  concentration 
of  nonradiative  centers,  nc  =  np/nx ,  where  n,  p,  nx  are 
the  electron,  hole,  and  exciton  concentration,  respec¬ 
tively,  Ex  is  the  exciton  binding  energy,  EA  is  the 
activation  energy  of  nonradiative  recombination,  p0  is 
the  concentration  of  the  free  holes,  me  =  0.065mo  and 
mh  =  0.5mo  are  respectively  electron  and  hole  effective 
masses,  which  are  taken  as  equal  to  bulk  GaAs  masses 
independently  of  the  QW  size. 

The  experimental  values  of  the  PL  decay  lifetime 
measured  at  different  temperatures  in  the  8.5  nm  QW 
and  the  calculated  lifetime  dependence  using  Eq.  (1)  are 
shown  in  Fig.  4.  The  best  coincidence  between  the 
experiment  and  calculation  has  been  obtained  for 
the  following  parameters  which  were  fixed  for  both  as- 
grown  and  exposed  structures:  Ex  =  8  meV,  EA  = 
90meV,  B  —  10~10 cm2c_1,  p0  =  5  x  109 cm-2,  Rs  = 

1.2  x  10loc_1,  Rx  =  1.8  x  109c-1.  The  factor  Rq,  pro¬ 
portional  to  the  concentration  of  nonradiative  centers, 
changes  from  1.17  x  109c“1  in  the  as-grown  structure  to 

4.2  x  107c_1  in  the  plasma  treated  structure.  Therefore, 


Fig.  4.  PL  decay  lifetime  of  the  8.5  nm  QW  as  a  function  of  the 
bath  temperature.  Symbols  mark  (1)  as-grown  structure,  (2)  the 
same  structure  after  40  s  exposure  in  CF4  plasma.  Dashed  lines 
show  the  calculated  dependence  according  to  Eq.  (1). 
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the  defect  concentration  is  decreased  by  a  factor  of 
about  30  after  exposure  to  CF4  plasma. 

In  conclusion  we  have  examined  the  effect  of  a  CF4 
plasma  exposure  on  the  PL  properties  of  GaAs/AlGaAs 
MQW  structures  and  observed  a  plasma  induced 
quenching  of  the  QW  PL  in  the  near  surface  region. 
Unexpectedly,  the  CF4  plasma  causes  a  remarkable 
increase  of  the  PL  intensity  in  the  QW  below  this  region. 
We  explain  this  PL  enhancement  by  a  passivation  of 
non  radiative  growth  defects  which  is  induced  by  plasma 
generated  highly  mobile  point  defects. 
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Abstract 

The  localization  dynamics  of  excitons  within  growth  island  terraces  of  a  narrow  GaAs  single  quantum  well  confined 
by  all-binary  GaAs/AlAs  short-period  superlattices  is  investigated  by  time-resolved  photoluminescence  (PL) 
spectroscopy.  Under  resonant  photoexcitation  into  the  ground  light-hole  exciton  state  of  the  dominant  terrace,  as 
confirmed  by  PL  excitation  spectra,  we  clearly  observe  an  enhancement  of  the  fundamental  free  heavy-hole  exciton 
emission  as  well  as  the  localized  excitons  associated  with  the  terrace.  The  time  evolution  of  the  split  PL  line-shape 
indicates  the  coexistence  of  distinct  free  and  localized  excitons  in  the  ps  time  domain,  revealing  transfer  from  the  free  to 
localized  excitons  within  the  terrace  in  addition  to  the  transfer  between  the  island  terraces.  These  results  directly 
evidence  that  the  binary-binary  heterointerface  contains  intrinsic  interface  defects  within  the  terraces  and  that  the  split 
PL  line-shape  dynamically  evolves  due  to  confinement  potential  fluctuations  on  the  island  terraces  in  agreement  with 
the  bimodal  interface  nano-roughness  model.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords :  GaAs  quantum  well;  Interface  defects;  Photoluminescence;  Exciton 


1.  Introduction 

In  narrow  quantum  wells  prepared  by  growth 
interrupted  molecular  beam  epitaxy,  split  two-dimen¬ 
sional  exciton  lines  are  observed  in  photoluminescence 
(PL)  spectra,  which  reflect  the  formation  of  uniform  and 
flat  monolayer  (ML)  growth  islands  whose  lateral 
terrace  size  is  larger  than  the  exciton  Bohr  radius 
[1-6].  However,  recent  analyses  [7-13]  of  the  detailed  PL 
line-shape  and  atomic-scale  characteristics  indicate  that 
the  interface  heterostructure  within  the  terraces  is  not 
always  perfectly  abrupt  but  contains  a  number  of 
intrinsic  defects  due  to  atomic  displacement  in  the  group 
III  sublattice.  Therefore,  a  microscopic  roughness,  called 
nano-roughness  exists  on  the  macroscopically  flat  island 
terraces.  In  this  paper,  the  localization  dynamics  of 
excitons  within  growth  islands  of  a  narrow  GaAs  single 
quantum  well  (SQW)  confined  by  all-binary  GaAs/AlAs 
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short-period  superlattices  is  investigated  by  time-re¬ 
solved  PL  spectroscopy  to  provide  further  evidences  for 
the  nano-roughness.  Under  resonant  photoexcitation 
into  the  ground  light-hole  exciton  state  of  the  dominant 
terrace,  we  clearly  observe  an  enhancement  of  the 
fundamental  free  heavy-hole  exciton  emission  associated 
with  the  terrace  by  measuring  the  time  evolution  of  the 
split  PL  line-shape.  The  PL  line-shape  thus  shows  the 
coexistence  of  distinct  free  and  localized  excitons  in  the 
ps  time  domain,  revealing  the  transfer  from  free  to 
localized  excitons  within  the  terrace.  These  results  under 
resonant  photoexcitation  conditions  directly  evidence 
that  the  binary-binary  heteroinferace  contains  intrinsic 
interface  defects  within  the  SQW  island  terraces. 


2.  Experimental 

The  GaAs  SQW  sample  was  grown  by  a  molecular 
beam  epitaxy  (MBE)  with  growth  interruption  for  2  min 
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at  670  C  under  arsenic  exposure  at  each  interface.  The 
well  width  ( Lz )  of  the  different  SQW  growth  islands 
approximately  range  from  22  (6.2  nm).  21  (5.9  nm),  20 
(5.7  nm)  and  19  (5.4 nm)  MLs.  named  A.  B,  C  and  D, 
respectively.  The  SQW  layer  is  separated  by  all-binary 
GaAs/AlAs  superlattice  layers  (Lz/Ln  -  3.4/1. 2  nm,  40 
periods).  The  detailed  sample  heterostructure  has  been 
described  previously  [5.6].  The  low  intensity  cw  PL  and 
PL  excitation  (PLE)  measurements  were  carried  out  at 
6K  using  monochromatized  radiation  from  a  halogen 
lamp,  for  excitation,  and  a  photon  counting  system,  for 
detection.  Spectrally  and  temporally  resolved  PL  experi¬ 
ments  were  performed  at  15  K  by  using  a  streak-camera 
based  system  for  detection,  and  a  pyridine  2  dye  laser 
synchronously  pumped  by  a  mode-locked  Ar  ’  laser  for 
excitation.  The  narrow  GaAs  SQW  sample  was 
mounted  in  a  temperature  variable  cryostat  and  directly 
excited  by  lOps  optical  pulses  with  a  wavelength  of 
755  nm  ( 1.642  eV)  at  which  the  light-hole  exciton  is 
resonantly  excited  in  the  dominant  terrace  C.  The 
average  excitation  power  was  34  mW  which  corresponds 
to  an  excitation  power  density  of  a  few  W/cnr. 

3.  Results  and  discussion 

The  PL  and  PLE  spectra  from  the  GaAs  SQW  sample 
are  shown  in  Fig.  1.  The  PL  spectrum  was  measured 
using  an  excitation  wavelength  of  600  nm,  while  the  PLE 
spectrum  was  obtained  by  setting  the  PL  detection 
wavelength  at  111  nm.  Three  PL  structures  are  observed, 
which  are  associated  with  terraces  A,  B  and  C.  The  PLE 
spectrum  reveals  three  distinct  resonances  associated 
with  the  1  s  heavy-hole  (1  hh)  excitons  (as  well  as  the 
light-hole  (1  Ih)  excitons)  for  terraces  B,  C  and  D.  The 
strongest  PL  peak  B  is  red-shifted  by  9.8  meV  from  the 
main  exciton  resonance  peak  C  (Stokes-shift)  with  a 
narrow,  but  finite  line-width  of  about  2meV  (FWHM). 
We  note  that  a  doublet  PL  structure  with  about  3meV 
splitting  is  seen  for  the  dominating  terrace  C,  while 
additional  shoulders  or  tails  are  also  observed  on  the 
longer  wavelength  (lower  energy)  side.  The  higher 
energy  PL  structure  of  terrace  C  coincides  with  the 
PLE  peak  position.  The  energy  separations  between  the 
PLE  peaks,  B  and  C  and  C  and  D,  are  found  to  be  6.0 
and  6.9  meV,  respectively.  These  values  correspond  to 
well-width  changes  of  0.75  and  0.80  ML  and  are  smaller 
than  the  calculated  energy  gap  changes  (8.0  meV/ 
8.9 meV)  by  one  ML.  In  addition,  the  PL  peak  position 
of  terrace  B  is  also  red-shifted  by  3.8  meV  from  the 
corresponding  PLE  peak  as  assigned  in  Fig.  1 .  This  PL 
red-shift,  which  is  also  valid  for  terrace  C.  is  due  to  the 
exciton  center-of-mass  motion  (exciton  intra-terrace 
transfer)  from  the  free  to  localized  excitons  in  terraces 
B  and  C  in  addition  to  the  inter-terrace  transfer  (from  C 
to  B)  during  the  radiative  recombination  processes.  The 


Fig.  1.  cw  PL  (dashed)  and  PLE  (solid)  spectra  of  the  19- 
22 ML  GaAs  single  quantum  well.  The  excitation  wavelength 
for  PL  is  600  nm  while  for  PLE  the  PL  detection  is  set  at 
111  nm.  The  inset  figures  schematically  show  the  spatial 
configuration  of  the  well  and  the  areal  density  distribution  of 
the  SQW  growth  islands. 


PL  emission  from  terrace  D  was  not  observed  in  the  cw 
PL  spectrum  of  Fig.  1. 

Fig.  2  shows  the  time  evolution  of  transient  PL 
spectra  for  the  GaAs  SQW  as  a  function  of  delay  time 
under  1 1  h  exciton  resonant  photoexcitation  of  the  main 
terrace  C.  In  Fig.  2,  the  PL  spectra  (a)-(g)  were 
measured  at  14,  94,  174,  254,  414,  574  and"  8 14  ps, 
respectively,  after  the  excitation  pulse  averaged  over 
80  ps  each.  The  PL  intensity  is  vertically  shifted  for  clear 
comparison  and  normalized  to  the  highest  peak  intensity 
in  each  spectrum.  In  spectrum  (a),  the  PL  intensity 
distribution  is  dominated  by  emissions  from  terrace  C 
over  those  from  other  terraces.  In  addition,  a  small  PL 
signal  from  terrace  D  is  observed  on  the  higher  energy 
side  in  the  early  stage.  Within  the  emission  band  C,  a 
doublet  structure  similar  to  the  one  seen  in  Fig.  1  is  now 
more  clearly  observed  in  Fig.  2(a),  and  the  short 
wavelength  (high  energy)  peak  is  drastically  enhanced 
in  intensity.  This  is  obviously  due  to  the  resonance 
enhancement  effects  on  the  photoexcitation  in  terrace  C, 
i.e.,  more  excitons  are  selectively  generated  in  the  spatial 
region  of  terrace  C.  With  increasing  delay  time,  the 
relative  PL  intensity  from  terrace  C  decreases  generally, 
while  the  PL  intensity  from  terrace  B  increases.  For 
example,  in  the  spectrum  (c)  after  174ps.  the  strongest 
emission  is  already  shifted  to  the  lower  energy  peak  B. 
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Fig.  2.  Normalized  PL  spectra  of  the  GaAs  single  quantum 
well  as  a  function  of  time  after  pulsed  excitation.  The  transient 
spectra  (a)-(g)  are  detected  at  14  (a),  94  (b),  174  (c),  254  (d),  414 
(e),  574  (f)  and  814ps  (g)  after  the  lOps  excitation  pulse 
averaged  over  80  ps  each.  The  peak  positions,  Fi  (Li)  (i  =  A,  B, 
C  and  D)  of  the  free  (localized)  excitons  are  indicated  by 
vertical  solid  (dashed)  lines. 


revealing  the  exciton  transfer  from  terrace  C  to  B.  In  the 
lowest  spectrum  (g),  the  PL  intensity  of  terrace  B 
dominates,  while  the  emission  intensity  from  terrace  A  is 
higher  than  terrace  C.  We  also  note  that  the  emission 
band  B  has  a  doublet  structure  in  Fig.  2,  although  the 
spectral  separation  is  not  so  clear  like  the  one  for  terrace 
C.  Considering  this  doublet  the  dominating  PL  peak  (B) 
in  (g)  is  sharper  than  the  one  in  (a),  which  indicates  that 
the  free  excitons  with  the  high  energy  emission 
component  are  significantly  transferred  to  the  localized 
states  after  814ps.  These  dynamical  changes  of  the  PL 
intensity  in  Fig.  2  indeed  reflect  the  fact  that  during 
radiative  recombination  the  excitons  are  moving  in  real 
space  from  terrace  C  to  B,  as  schematically  illustrated  in 
Fig.  3. 

The  most  important  point  we  would  like  to  stress  here 
is,  however,  that  the  PL  emission  lines  in  the  transient 
spectra  clearly  exhibit  an  additional  doublet  structure 
within  the  terraces,  while  their  relative  intensities  of  the 
different  peaks  evolve  due  to  changes  in  the  exciton 
population  (see  Fig.  3).  In  order  to  compare  the  cw  PL 
and  PLE  peak  positions,  the  measured  peak  wavelengths 
are  indicated  by  solid  (dashed)  vertical  lines  for  the  free 
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Fig.  3.  Schematic  model  for  the  exciton  energy  distribution  of 
the  free  and  localized  exciton  states  under  resonant  excitation 
into  the  ground  light-hole  exciton  of  the  dominant  terrace  C. 


(localized)  excitons  in  Fig.  2  for  the  terraces  A,  B,  C  and 
D.  A  clear  correlation  is  seen  between  the  cw  PL/PLE 
peak  energies  and  those  from  the  transient  PL  spectra, 
although  the  free  exciton  peak  A  cannot  be  resolved  for 
PLE.  This  allows  one  to  assign  the  transient  PL  fine 
structures  to  the  free  and  localized  1  h  h  excitons  in  the 
terraces. 

Here  we  use  excitons  as  a  probe  to  examine  the 
interface  potential  fluctuations  whose  lateral  length  scale 
is  less  than  the  exciton  Bohr  radius.  Hence,  the  energy 
splitting  of  the  doublet  structure  is  naturally  explained 
by  the  interface  nano-roughness,  which  causes  the 
confinement  energy  changes  by  a  fractional  ML 
(0.3  ML/3.8  meV).  This  is  also  valid  for  the  case  between 
the  terraces,  since  the  energy  splitting  is  only  partial, 
equivalent  to  0.75-0.8  ML.  The  reduction  of  the  probe 
size  by  increasing  the  quantum  confinements  thus  makes 
it  possible  to  visualize  miniature-size  intrinsic  defects  by 
a  discrete  exciton  level,  i.e.,  isoelectric  trap  sites  for 
localized  excitons.  The  experimental  results  presented 
here  directly  show  the  existence  of  nano-roughness 
within  the  macroscopically  flat  island  terraces,  which 
supports  the  bimodal  interface  roughness  model  [8]. 


4.  Conclusion 

In  summary,  PL  transients  in  a  narrow  GaAs  single 
quantum  well  with  growth  islands  confined  by  all-binary 
GaAs/AlAs  short-period  superlattices  have  been  inves- 
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tigated  using  resonant  photoexcitation  at  the  ground 
light-hole  exciton  level  to  the  dominant  island  terrace. 
The  transient  PL  spectra  reveal  two  types  of  dynamical 
Stokes  shifts  due  to  intra-  and  inter-terrace  exciton 
transfers.  The  finely  split  line-shape  of  the  PL  doublet 
structure  directly  evidences  the  existence  of  localized 
excitons  formed  within  the  terraces  due  to  the  confine¬ 
ment  potential  fluctuations.  This  reflects  the  existence  of 
intrinsic  interface  defects  caused  by  atomic  displace¬ 
ments  with  respect  to  the  sublattice.  The  discrete  change 
of  the  PL  peak  energy  with  increasing  delay  time 
indicates  the  existence  of  a  small-scale  nano-roughness 
within  the  macroscopically  flat  quantum  well  island 
terraces. 
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Abstract 

It  has  been  shown  that  He+  +  ions  irradiation  introduces  in  Be  doped  Alo.5Gao.5As  MBE  layers  some  metastable 
defects.  After  sample  illumination  at  liquid  nitrogen  ambient  with  photons  of  energy  below  the  band  gap  energy 
persistent  photocapacitance  was  observed.  DLTS  measurements  performed  in  darkness  after  such  illumination  revealed 
the  presence  of  additional  deep  level  with  energy  activation  equal  to  0.24  eV.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 
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1.  Introduction 

Defects  in  semiconductors  play  important  role  as  they 
control  operation  of  semiconducting  devices.  It  is  well- 
known  that  irradiation  introduces  or  increases  the 
number  of  defects  in  semiconductors.  This  impact  is  of 
premium  importance  for  the  devices  exposed  to  irradia¬ 
tion,  as  in  the  case  of  those  applied  in  extraterrestrial 
space.  On  the  other  hand  studying  defects  introduced  by 
irradiation  gets  insight  into  physics  of  defects. 

Some  defects  introduced  during  light-ion  irradiation 
of  semiconductors  can  be  metastable.  Metastability 
refers  to  the  reversible  transformation  of  defects  from 
one  structural  configuration  to  another.  Their  formation 
can  strongly  depend  on  heat  treatment  or  biasing 
condition  during  heating  or  cooling  of  the  sample. 
Metastable  defects  are  important  for  both  fundamental 
physics  and  device  applications  as  they  can  affect 
semiconductor  properties.  In  some  cases  the  meta¬ 
stability  follows  a  large  lattice  relaxation  and  is 
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explained  with  the  help  of  configuration  coordinate 
diagram. 

Whereas  metastable  defects  introduced  in  n-type 
GaAs  during  a  irradiation  have  been  widely  investigated 
[1]  there  is  very  little  information  about  irradiation 
induced  metastable  defects  in  p-type  GaAs  and  related 
AlvGa!_YAs  mixed  crystals.  Recently,  observation  of 
metastability  in  p-type  GaAs  has  been  reported  [2], 

In  the  present  paper  the  influence  of  He++  ion 
radiation  on  defects  in  beryllium  doped  p-type  MBE 
layers  has  been  studied  by  DLTS  and  photocapacitance 
method.  It  was  found  that  irradiation  introduced  a 
metastable  defect  which  manifests  itself  after  light 
illumination  in  nitrogen  temperatures.  Metastability 
due  to  this  defect  is  similar  to  the  metastability  observed 
in  many  II-VI  and  III-V  semiconducting  crystals.  The 
“signature”  of  the  defect  has  been  determined. 


2.  Experiment 

The  samples  under  study  were  Be  doped  to  obtain  p- 
type  Alo.5Gao.5As.  Their  net  acceptor  concentration  was 
equal  to  1  x  10!6cm-3.  The  wafer  from  which  the 
samples  were  made  was  grown  on  a  semi-insulating 
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[001]  GaAs  substrate  in  a  Varian  Gen  II  MBE-machine. 
Metal-semiconductor  structures  were  realised  in  order  to 
perform  DLTS  studies.  Detailed  description  of  the 
sample  and  contact  processing  is  given  in  Ref.  [3].  The 
samples  with  contacts  processed  were  exposed  to  He  ion 
bombardment.  The  irradiation  was  performed  at  Co¬ 
penhagen  University’s  accelerator  laboratory  with 
0.3 MeV  He4  4  ions  of  fluences  equal  to  1011  and 
10 '“cm  Capacitance  and  DLTS  measurements  were 
collected  with  1  MHz  capacitance  bridge  and  a  lock-in 
system.  Applied  temperature  range  was  equal  to  77- 
350  K. 


3.  Results  and  discussion 

In  Fig.  1  the  DLTS  temperature  scans  are  shown  for 
reference  sample  and  irradiated  with  two  different  doses 
of  He4  4  ion  fluences:  10"  and  10,2cm  2.  The  data  for 
non-irradiated  sample  had  to  be  multiplied  10  times  and 
for  the  sample  irradiated  with  lower  fluence —5  times  so 
that  it  was  possible  put  the  data  together  in  one  figure 
with  those  for  higher  dose. 

DLTS  signal  peaks  labeled  as  HI  and  H3  are  visible 
on  each  of  the  curves.  Increasing  ion  fluence  however 
magnifies  more  the  second  one.  Level  H2  remains 
unaffected  by  radiation,  as  it  disappears  gradually  with 
increasing  fluence,  hidden  inside  the  signal  related  to  the 
trap  H3.  The  peak  labeled  as  H4  becomes  barely 
distinguishable  with  increasing  fluence  due  to  the  new' 
giant  peak  H5.  Another  new'  peak  appeared,  the  one 
which  is  partly  included  on  the  high  temperature  side  of 
the  scan.  Properties  of  the  traps  determined  for  both 
non-irradiated  and  irradiated  samples  by  fitting  theore¬ 
tical  DLTS  signal  to  experimental  data  have  been 
presented  elsewhere  [4]. 

It  was  found,  that  irradiation  introduced  also  some 
metastable  defects.  The  presence  of  a  metastable  defect 
in  a  semiconductor  manifests  itself  in  persistent  photo¬ 


conductivity  or  persistent  photocapacitance  effects. 
These  effects  are  observed  when  the  sample  is  exposed 
to  illumination  at  sufficiently  low  temperature.  For 
metastable  defects,  illumination  increases  conductivity 
or  capacitance  and  this  state  persists  for  a  long  time 
period  after  turning  off  the  light.  Both  conductivity  and 
capacitance  return  to  their  ‘dark’  values  after  warming 
up  the  samples  above  certain  temperature.  In  order  to 
explain  the  effect  it  is  assumed  that  after  illumination  the 
metastable  defect  undergoes  transformation  and  return 
to  its  initial  state  is  not  possible  due  to  energetic  barrier 
for  carrier  recapture.  Warming  the  sample  allows 
overcoming  of  the  barrier  and  return  to  the  ground 
state.  Persistent  photocapacitance  was  observed  for  the 
He  1  4  irradiated  samples  of  Be  doped  Alo^Ga,,  5As 
studied  here.  After  applying  for  several  minutes  at  liquid 
nitrogen  ‘below  band  gap’  illumination,  increase  in 
capacitance  has  been  observed.  After  turning  off  the 
light,  the  capacitance  remained  unchanged  for  many 
hours.  The  quenching  of  the  effect  might  be  achieved  by 
warming  the  sample  above  200  K.  The  optical  threshold 
for  the  persistent  photoeffect  was  found  to  be  equal  to 
1  eV,  approximately.  The  effect  of  persistent  photoca¬ 
pacitance  is  shown  in  Fig.  2.  Both  curves  representing  (i) 
capacitance  measured  without  illumination,  and  (ii) 
after  illumination  at  77  K  coincide  at  200  K,  approxi¬ 
mately. 

Besides  the  persistent  photocapacitance,  another 
metastable  effect  has  been  observed  for  the  irradiated 
samples.  It  was  found  that  for  the  samples  exposed  for 
several  minutes  to  illumination  at  77  K  additional 
minimum  appeared  on  DLTS  temperature  scan  run  in 
darkness.  Above  minimum  was  observed  after  sample 
illumination  with  photons  energy  higher  than  1  eV.  In 
Fig.  3.  DLTS  signal  vs.  temperature  dependence  is 
shown  with  wavelength  taken  as  a  parameter.  It  is 
clearly  seen  that  for  wavelengths  lower  than  1.3  pm  a 
new  minimum  appears  within  1 50-200  K  temperature 
range  i.e.  new'  deep  level  is  created  by  photons. 


-3.0  l-  x  He"  irradiated,  low  dose 


A  He  irradiated,  high  dose 

1 - . - « - . - 1 - - - 1-..  .  i  .  .  .  . 

50  100  150  200  250  300  350 

Temperature  ( K ) 


Fig.  1.  DLTS  signal  temperature  scans  for  beryllium  d 
Alo  sGa()  ?As  MBE  layers.  Lock-in  frequency  was  cqu; 
69  Hz. 


Fig.  2.  Curve  (i)  capacitance  measured  without  illumination, 
and  curve  (ii)  capacitance  measured  also  in  darkness  but  after 
initial  illumination  at  77  K  for  several  minutes. 
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Temperature  ( K ) 


Fig.  3.  “Dark”  DLTS  temperature  scans  taken  after  exposing 
the  sample  for  several  minutes  at  77  K  to  monochromatic 
illumination  of  different  wavelengths. 


Fig.  4.  Arrhenius  plot  of  the  DLTS  trap  appearing  after 
illumination  of  the  irradiated  samples  with  photons  of  energy 
higher  than  1  eV. 

Arrhenius  plot  related  to  the  new  level  is  shown  in 
Fig.  4.  Solid  line  is  the  best  square  fit  to  the  experimental 
data.  The  plot  results  in  activation  energy  equal  to 
0.24 eV  and  apparent  capture  cross  section  <r  — 7x 
10_17cm~2. 

As  optical  thresholds  for  persistent  photoeffect  and 
appearance  of  a  new  DLTS  minimum  were  equal  to 
1  eV,  it  was  tempting  to  propose,  that  both  effects  are 
related  to  the  same  origin.  Let  us  assume  therefore,  that 
illumination  changes  charge  state  of  some  metastable 
defect  by  light  induced  emission  of  holes  and  in  effect 
transformation  of  the  defect  into  another  defect  takes 
place.  At  low  temperature,  say  close  to  77  K,  return  to 
the  initial  state  is  not  possible  and  persistent  photo¬ 
capacitance  is  observed.  It  should  be  pointed  out  here, 


that  emission  of  holes  to  the  valence  band  is  considered 
here,  as  for  a  metal — p-type  semiconductor  junction  this 
process  is  accompanied  by  increase  of  a  negative  charge 
within  depletion  region  of  the  junction  and  increase  of 
its  capacitance.  This  new  defect  accompanies  creation  of 
additional  deep  level  within  band  gap  which  can  be 
visible  in  DLTS.  It  is  clear  now,  that  the  DLTS  signal  is 
observed  only  after  illumination  by  photons  of  energy 
higher  than  energetic  distance  of  the  ground  state  of  the 
defect. 

Physical  origin  of  such  a  defect  can  be  different.  One 
of  the  possibilities  is  creation  of  a  complex  composed  of 
a  mobile  (due  to  irradiation)  host  atom,  attracting  (after 
hole  emission)  some  element.  Another,  transformation 
of  the  same  defect  accompanied  by  lattice  relaxation, 
like  in  the  case  of  DX  centers  in  III-V  and  II-VI 
compounds. 


4.  Conclusions 

In  present  paper  the  results  of  DLTS  studies  and 
photocapacitance  measurements  are  given  for  He+  + 
irradiated  Be  doped  Alo.5Gao.5As  MBE  layers.  Compar¬ 
ison  of  DLTS  studies  with  those  made  for  unirradiated 
samples  let  us  assume,  that  irradiation  introduced 
metastable  centers.  In  effect,  persistent  photocapaci¬ 
tance  was  observed  and  additional  DLTS  minimum  on 
DLTS  temperature  scan  related  to  new  deep  level 
emerged  after  exposing  the  samples  to  illumination  at 
77  K.  As  optical  thresholds  for  persistent  photoeffect 
and  creation  of  the  new  deep  level  were  equal  we 
assumed  that  new  level  is  related  to  metastable  defect 
created  by  irradiation. 
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Abstract 


The  spatial  extents  of  the  wave  functions  of  the  collective  plasmon-LO  phonon  excitations  were  studied  as  a  function 
of  the  doping  concentration  and  the  temperature  in  the  AlGaAs  alloy.  A  strong  increase  of  the  localization  length  was 
found  with  the  increase  of  doping,  while  a  decrease  of  the  localization  length  was  detected  with  the  increase  of  the 
doping  level  at  higher  electron  densities.  A  theoretical  analysis  based  on  the  variational  principle  showed  that  the 
ionized  impurities  are  responsible  for  the  observed  decrease  of  the  localization  length.  ((;■■  2001  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

The  problem  of  the  interaction  of  the  carriers  with  the 
crystal  imperfections  such  as  impurity  centers,  native 
defects,  phonons,  etc.,  is  of  great  importance  in  solid 
state  physics.  In  the  case  of  a  weak  interaction,  this 
problem  is  usually  treated  in  a  semiclassical  approach, 
when  an  electron  can  be  represented  by  a  point  particle 
in  a  well-defined  Bloch  state  V'(q).  The  Born  approx¬ 
imation  is  then  used  to  determine  the  scattering  rate 
ir^q'),  which  defines  the  probability  of  the  electron  in 
a  state  q  to  be  scattered  into  a  state  q'  [1].  This 
approximation  is  basically  valid  when  the  potential 
energy  of  the  interaction  is  small  in  comparison  with  the 
particle  kinetic  energy.  An  additional  consequence  of 
the  scattering  is  the  decay  of  the  wave  function 
of  the  scattered  particle.  This  decay  is  negligible  when 
the  interaction  is  weak;  however,  for  a  strong  interaction 
the  uncertainty  in  the  determination  of  the  particle  wave 
number  dq— associated  with  the  spatial  localization  of 
the  particle  Lc(r)q  x  Lj 1 )- . can  be  large  enough,  being  a 
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significant  part  of  the  Brillouin  zone.  In  this  case,  the 
Born  approximation  Rails  and  a  more  general  approach 
to  treat  the  scattering  process,  which  would  take  into 
account  the  modification  of  the  wave  function,  should 
be  used. 

In  recent  papers,  we  have  already  shown  that  in 
disordered  solids,  where  the  Raman  selection  rules  are 
relaxed,  Raman  scattering  serves  as  a  tool  to  study  the 
spatial  extent  of  the  collective  excitations  involved,  such 
as  phonons,  plasmons  and  coupled  plasmon-phonon 
modes  [2,3].  In  many  aspects,  the  dynamic  properties  of 
the  single  particle  excitations  and  of  the  collective 
excitations  are  similar.  In  particular,  as  the  single 
electron,  the  plasmons  reveal  a  localization  when 
undergoing  a  random  potential  [4],  Therefore,  the 
investigation  of  the  spatial  extent  of  the  localized 
plasmon  can  shed  some  light  on  the  behavior  of  the 
wave  function  of  the  localized  electrons. 

In  this  paper,  we  present  a  systematic  study  of  the 
influence  of  imperfections  on  the  propagation  and 
localization  of  collective  plasmon-like  excitations  in  the 
AlGaAs  alloys.  We  show  that  already  at  rather 
moderate  doping  levels  the  impurities  strongly  modify 
the  wave  functions  of  the  plasmons.  giving  rise  to  their 


092 1 -4526/0 1/S- see  front  matter  >r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921  -  4526(01  >00835-3 


Yu. A.  Pusep  et  al.  /  Physica  B  308-310  (2001)  172-775 


773 


localization.  A  simple  theoretical  model  was  developed 
to  account  for  the  interaction  of  the  plasmons  with  the 
impurities.  In  addition,  a  significant  increase  of  the 
plasmon  localization  caused  by  the  interaction  with 
phonons  was  found  with  the  increase  of  the  temperature. 


2.  Experimental 

Alo.nGao.sgAs  alloys  doped  with  Si  were  grown  by 
molecular  beam  epitaxy  on  (100)  oriented  GaAs 
substrates.  The  electron  concentrations  were  obtained 
both  by  Hall  and  capacitance  measurements.  Unpolar¬ 
ized  back-scattered  Raman  spectra  were  performed  at 
T  =  10K  with  a  “Instruments  S.A.  T64000”  triple 
grating  spectrometer  supplied  with  a  CCD  detector 
cooled  by  nitrogen;  the  5145  A  line  of  an  Ar+  laser  was 
used  for  excitation. 

Some  selected  Raman  spectra  of  the  Al0.nGa0.89As 
alloy  are  demonstrated  in  Fig.  1  where  the  data 
concerning  the  AlAs-like  mode  are  presented.  The  values 
of  the  parameters  characterizing  the  AlAs-like  coupled 


Raman  shift  (cm'1) 

Fig.  1.  Raman  spectra  of  the  Al()  ]iGa0.89As  alloys  with 
different  electron  concentrations  measured  at  T  =  10  K  in  the 
frequency  range  of  the  AlAs  optical  phonons  (solid  lines).  The 
dotted  lines  show  the  full  calculated  spectra,  while  the  separate 
contributions  of  the  collective  plasmon-LO  phonon  excitations 
are  plotted  by  dashed  lines. 


modes  (the  mode  frequencies,  the  damping  constants 
and  the  localization  lengths)  were  determined  by  the 
fitting  of  the  experimental  Raman  spectra  as  in  [3]. 

The  parameters  of  the  collective  excitations  of  interest 
measured  in  the  alloys  with  different  electron  concentra¬ 
tions  are  shown  in  Fig.  2.  The  whole  interval  of  the 
electron  densities  studied  here  can  be  divided  into 
the  following  three  ranges,  where  different  behaviors  of 
the  collective  excitations  were  found: 

(i)  Low  electron  densities  range.  Here,  with  the 
increase  of  the  doping  level,  the  LO  phonons  are 
transformed  in  to  the  coupled  plasmon-LO  phonon 
excitations.  This  process  is  accompanied  by  the 
increase  of  the  intensities  of  the  relevant  Raman 
lines  which  takes  place  because  the  active  volume  of 
the  excitations  contributing  to  the  Raman  process 
rapidly  increases  when  changing  from  phonons  to 
plasmons.  This  increase  of  the  active  volume  of  the 
excitations  contributing  to  Raman  scattering  is 


Fig.  2.  Dependencies  of  the  frequency  co2,  the  damping 
constant  (T)  and  the  localization  length  (2LC)  of  the  AlAs-like 
collective  plasmon-LO  phonon  excitations  on  the  electron 
density  measured  in  the  Alo.nGao.89As  alloy  at  T  =  10  K.  The 
values  of  the  Hall  mobilities  (p)  are  shown  in  (b)  by  triangles. 
The  solid  lines  are  the  calculated  dependencies  o>2(A)  (a)  p(N) 
(b)  and  2LC(N)  (c)  as  explained  in  the  text. 
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directly  seen  in  the  increase  of  the  localization 
length  (Lc)  presented  in  Fig.  2(c). 

(ii)  Intermediate  electron  densities  range.  In  this  range, 
the  collective  modes  mostly  acquire  a  plasmon 
character,  which  is  revealed  in  the  corresponding 
asymmetry  of  the  Raman  lines  [2]  and  in  the  blue 
shift  of  the  mode  frequency.  The  dependence  of  the 
frequency  cot  on  the  electron  density  calculated  in 
the  Al0,nGa(,  Kc,As  alloy  is  shown  in  Fig.  2(a)  by  a 
solid  line.  At  such  doping  levels,  the  scattering  of 
the  plasmons  by  the  impurity  silicon  atoms 
dominates,  resulting  in  the  increase  of  the  damping 
constant  (F)  and  in  the  decrease  of  the  localization 
length  (Lc)  of  the  studied  collective  excitations. 

(iii)  High  electron  densities  range,  where  the  effects  of 
the  correlation  caused  by  the  electron-electron 
interaction — which  have  already  been  found  in 
the  disordered  GaAs/AlGaAs  superlattices --be¬ 
come  significant,  resulting  in  the  formation  of  the 
coherent  spatial  clusters  [5,6]  and,  as  a  consequence, 
in  the  narrowing  of  the  Raman  lines  (the  decrease 
of  the  damping  constant  F)  and  in  the  increase  of 
the  localization  length  with  the  increase  of  the 
doping  levels. 

It  ought  to  be  pointed  out  that  the  relatively  small 
values  of  the  localization  lengths  of  the  collective 
coupled  plasmon-LO  phonon  excitations  (comparable 
with  the  interelectron  distances)  obtained  in  the  highly 
doped  samples  mean  that  in  this  case,  the  collective 
excitations  are  mostly  represented  by  the  LO  phonon¬ 
like  vibrations,  probably  strongly  coupled  only  with  the 
neighboring  electrons. 


3.  Theoretical  analysis  and  discussion 

In  the  range  of  the  intermediate  electron  densities 
(range  II  in  Fig.  2).  where  the  scattering  dominates  in 
the  origin  of  the  spatial  extents  of  the  coupled  plasmon- 
like  excitations  and  the  above  discussed  electron- 
electron  correlations  are  still  not  significant,  the 
modification  of  the  wave  function  of  the  plasmons  can 
be  calculated  taking  into  account  the  interaction  of  the 
plasmons  with  the  impurities. 

As  it  was  mentioned  in  the  introduction,  in  the 
presence  of  disorder  collective  excitations  can  be 
represented  as  a  superposition  of  plane  waves  with  the 
wave  vectors  distributed  in  a  finite  interval  <5q.  In  this 
case,  according  to  the  model  successfully  used  for  the 
optical  phonons  in  microcrystalline  silicon  [7]  one  can 
present  the  wave  function  in  the  form  of  a  Gaussian: 


which  means  the  effective  localization  at  |r|<  Lc. 


In  order  to  calculate  the  variation  of  the  localization 
length  caused  by  the  interaction  with  the  scattering 
potential  of  the  ionized  impurities,  we  developed  the 
following  approach.  We  start  with  the  wave  function 
written  in  the  form  of  a  Gaussian  (1),  which  is  equivalent 
to  the  representation  of  the  collective  excitations  as 
noninteracting  quasiparticles  with  an  effective  charge  e* 
and  a  mass  A/*,  spatially  localized  in  a  sphere  of  radius 
Lc.  This  wave  function,  coinciding  with  a  spherically 
symmetric  ground  state  wave  function  of  a  3D  harmonic 
oscillator  allows  us  to  write  the  effective  Hamiltonian  of 
the  collective  excitations  as 


tfdY  = 


lr  l6/\0\  8/r  , 

2M*  r2  0r\  dr)  + 


(2) 


where  the  wave  function  cp(r)  is  the  eigenfunction  Hc p- 
for  Lc  =  L[)  =  lyjh/ which  is  the  localization 
length  of  the  harmonic  oscillator  with  a  resonance 
frequency  wf).  In  our  case,  Ff)  has  a  meaning  of  the 
localization  length  of  the  plasmon-like  excitations  in  the 
absence  of  impurities  (in  an  undoped  alloy).  The 
interaction  of  the  plasmon  with  impurities  transforms 
He n*  into 

//p|  =  He  IT  T  tfinipW,  (3) 


f/imnO)  — 


£: 

j  |f 


I  r  -  rA  ' 


(4) 


Here,  Ze  is  the  effective  charge  of  the  ionized 
impurities,  e  is  the  electron  charge,  c  is  the  medium 
dielectric  constant.  The  exponential  dependence  of 
C/impO*)  is  associated  with  the  screening  action  of  the 
electrons  located  between  the  plasmon  and  the  charge 
center  interacting  with  it.  The  screening  parameter  is  cj{). 

The  wave  function  given  by  Eq.(l)  is  not  the 
eigenfunction  of  the  operator  Hp\.  We  can,  however, 
treat  it  as  a  trial  function  of  the  Schrodinger  equation 
for  the  plasmon  depending  on  the  Hamiltonian  Hp]  and 
containing  Lc  as  a  variational  parameter.  Using  the 
interaction  in  the  form  presented  by  Eq.  (4)  we 
calculated  the  ground  state  energy: 


where  N\  is  the  concentration  of  the  ionized  impurities 
correspondingly. 

The  value  Lc  of  interest  can  be  found  from  the 
condition  of  the  minimum  of  the  E{)  as  a  function  of  Fc: 


SLC 


=  0. 


(6) 


As  it  is  seen  from  Eq.  (5)  the  value  Eo  depends  on  the 
impurity  and  on  the  electron  concentrations  causing  the 
corresponding  dependence  of  the  localization  length 
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calculated  from  Eq.  (6).  The  results  of  the  numerical 
calculations  of  Lc  fulfilled  by  Eq.  (6)  are  presented  in 
Fig.  2(c)  by  a  solid  line.  A  reasonable  agreement 
between  our  calculations  and  the  experimental  data 
obtained  for  the  Alo.nGao.89As  alloys  was  observed.  It 
should  be  emphasized  that  no  fitting  parameters  except 
the  localization  length  of  the  plasmon-like  excitation  in 
the  undoped  alloy  (Lo)  were  used  in  the  calculation  of 
the  localization  lengths  presented  in  Fig.  2(c);  the  best 
correspondence  with  the  experimental  data  was  obtained 
with  Lo  =  4000  A. 


4.  Conclusions 

The  localization  dynamic  properties  of  the  collective 
coupled  plasmon-LO  phonon  excitations  were  studied  in 
the  doped  AlGaAs  alloys.  It  was  shown  that  the 
plasmon-like  excitations  in  the  doped  AlGaAs  alloy 
are  strongly  influenced  by  the  ionized  impurities 


revealing  a  decrease  of  the  localization  length  with  the 
increase  of  the  doping  level. 
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Abstract 

Three  dominant  electron  traps  SI  (Ec  -  0.23 eV),  S2*  (£e  -  0.53 eV),  and  S4  (£,.  -  0.74 eV)  are  introduced  in  Si02/n- 
GaAs  after  rapid  thermal  annealing  (RTA).  A  defect  S3  (Ec  —  0.72  eV)  is  observed  in  uncapped  and  annealed  samples 
only.  The  S2*  arises  from  the  superposition  of  two  defects,  of  which  S2  (£c  -  0.46  eV)  can  be  resolved  using  filling  pulse 
widths  <  1  ms.  The  intensities  of  SI.  S2*,  and  S4  show  Arrhenius-like  dependencies  on  the  RTA  temperature.  We  argue 
that  the  defects  are  formed  as  a  result  of  an  increase  in  the  ratio  of  As :  Ga  in  the  near-surface  region  of  the  GaAs  layers. 
The  electronic  and  annealing  properties  of  S4  show  that  it  is  a  member  of  the  EL2  family  of  defects.  The  removal 
of  SI  and  S2*.  as  well  as  the  introduction  of  secondary  defects,  during  isochronal  annealing  experiments  is  also 
discussed.  £-  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Impurity-free  Disordering  (IFD)  using  Si02  capping 
layers  has  recently  been  used  to  engineer  the  bandgap  of 
GaAs-based  heterostructures  for  the  monolithic  integra¬ 
tion  of  optoelectronic  devices  (for  a  comprehensive 
review  of  impurity-free  disordering  see,  Ref.  [1]).  IFD 
proceeds  via  the  diffusion  of  point  defects,  namely  the 
vacancies,  on  the  group  III  sublattice  in  the  GaAs-based 
system  [1.2].  Excess  vacancies  (VGa)  are  generated  at  the 
SiCF/GaAs  interface  by  the  out-diffusion  of  Ga  atoms 
into  the  dielectric  layer.  The  controlled  modification  of 
semiconductor  properties  using  such  defect  engineering 
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can  be  better  understood  and  improved  by  investigating 
the  defects  created  during  capped  annealing.  In  this 
paper,  we  report  on  the  electronic  and  annealing 
properties  of  electron  traps  introduced  in  rapid  ther¬ 
mally  annealed  (RTA)  Si02-capped  n-GaAs  epilayers 
using  deep  level  transient  spectroscopy  (DLTS). 


2.  Experimental  procedure 

Epitaxial  GaAs  layers  of  (I  00)  orientation  and  doped 
with  1  x  I0,6Sicm"  3  were  used.  The  4pm  thick  epitaxial 
layers  were  grown  by  MOCVD  on  n 4  -GaAs  substrates. 
The  epitaxial  side  of  the  samples  were  capped  with 
200  nm  Si02  by  plasma-enhanced  chemical  vapor 
deposition.  RTA  was  performed  on  both  Si02-capped 
and  uncapped  GaAs  samples  at  800' C,  850’C  or  900 'C 
for  30  s  under  Ar  flow.  After  removing  the  Si02  layer, 
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selected  samples  were  annealed  for  20  min  at  various 
temperatures.  Annealing  up  to  400°C  was  carried  out  in 
an  Ar  atmosphere,  while  annealing  above  400°C  was 
performed  under  an  arsine  ambient.  DLTS  measure¬ 
ments  were  made  on  Au  Schottky  barrier  diodes 
deposited  by  resistive  evaporation  on  the  chemically 
cleaned  layers.  Reverse  bias  and  filling  pulse  conditions 
were  adjusted  so  that  the  depth  region  between  0.35  and 
0.60  pm  of  each  sample  was  probed  during  the  DLTS 
measurements. 


3.  Results  and  discussion 

The  as-grown  n-GaAs  epilayers  used  in  this  study 
contained  only  the  EL2  (Ec  -  0.79  eV)  with  concentra¬ 
tions  ~lxl013cm“3  [spectrum  (a)  in  Fig.  1].  IFD 
created  electron  traps  SI  (Ec  —  0.23  eV),  S2* 
(Ec  —  0.53  eV),  and  S4  (£'c~0.74eV)  as  shown  in 
spectrum  (c)  of  Fig.  1.  In  addition  to  SI,  S2*,  and 
EL2,  a  defect  S3  (£c-0.72eV)  is  only  observed  in 
samples  annealed  without  Si02  capping.  It  should, 
however,  be  noted  that  the  presence  of  S3  in  IFD 
samples  could  be  masked  by  the  much  larger  defect  peak 
S4.  Defect  S4  is  observed  only  in  Si02-capped  and 
annealed  samples,  and  its  shallower  peak  position 
suggests  that  it  is  not  the  EL2.  A  comparison  of  spectra 
(b)  and  (c)  reveals  that  although  SI  and  S2*  are 
generated  thermally  (i.e.  without  Si02  capping),  their 
concentrations  are  much  increased  by  IFD.  Spectra  (d) 
and  (e)  were  taken  from  samples  annealed  at  400°C  and 


Temperature  (K) 

Fig.  1.  DLTS  spectra  from  uncapped  (b)  and  (c)  Si02-capped 
and  annealed  n-GaAs.  RTA  was  preformed  for  30  s  at  900°C 
using  proximity  capping.  Only  defect  EL2  (a)  was  present  in  the 
as-grown  epilayers.  Spectra  (d)  and  (e)  were  taken  from  samples 
annealed  at  400°C  and  500°C  for  20  min  following  impurity-free 
disordering  at  900°C. 


500°C,  respectively,  following  initial  IFD  at  900°C  for 
30  s.  These  spectra  show  the  creation  of  secondary 
defects  during  post-IFD  annealing,  which  will  be  further 
discussed  later. 

We  have  performed  variable-filling-pulse-width  ( tp ) 
measurements  on  S2*  (~221  K).  Defect  peak  S2*  is,  in 
fact,  a  superposition  of  two  discrete  defects  with 
different  capture  cross-sections,  as  evidenced  by  the 
two  thresholds  and  the  plateau  in  Fig.  2.  In  the  present 
study,  we  detect  the  superposition  of  both  defects,  i.e. 
S2*,  since  we  have  used  tp  =  150  ms.  In  a  previous  study, 
we  used  tp  =  0.2  ms  and  determined  an  activation  energy 
(Ec  =0.46eV)  for  S2  [3].  We  showed  that  S2  had  an 
electronic  “signature”  similar  to  Si-related  defects 
observed  in  n-GaAs  epilayers  grown  on  Si  substrates. 
Furthermore,  S2  was  created  with  an  activation 
energy  ~4.4eV,  which  is  in  the  range  4.02-4.91  eV 
reported  in  the  literature  for  the  activation  energy 
of  group  III  interdiffusion  coefficients  in  GaAs/ 
AlGaAs  and  GaAs/InGaAs  quantum  well  heterostruc¬ 
tures  [3].  Following  these  observations,  S2  has 
been  speculated  to  be  the  Voa- Sica  complex  [3].  The 
results  shown  in  Fig.  2  indicate  that  the  individual 
depth  profiles  of  the  two  overlapping  electron  traps 
comprising  S2*  can  be  separated  using  different  pulse 
widths,  in  a  fashion  similar  to  the  recently  reported 
deconvolution  of  overlapping  vacancy  (VO)  and  inter¬ 
stitial-related  (Q-Cs)  defects  in  ion  implanted  n-type 
Si  [4]. 

We  now  turn  to  the  influence  of  RTA  temperature  on 
the  creation  of  electron  traps  in  Si02-capped  n-type 
GaAs  epilayers.  RTA  was  performed  at  800°C,  850°C, 
or  900°C  for  30  s  under  Ar  flow.  The  peak  intensities  of 
SI,  S2*,  and  S4  exhibit  Arrhenius-like  dependencies  on 
the  RTA  temperature,  1000/7rta»  as  depicted  in  Fig.  3. 
There  is  the  consensus  that  defects  created  in 


Pulse  width  :  fp  (s) 


Fig.  2.  Intensity  of  defect  peak  at  —  221 K  (S2*)  as  a  function 
of  the  filling  pulse  width,  tp. 
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Fig.  3.  Arrhenius-type  dependence  of  defects  creation  on  RTA 
temperature,  7~rtA. 


Si02-capped  GaAs  during  annealing  relate  to  the 
outdiffusion  of  Ga  atoms  into  the  capping  layer  [1,2]. 
It  is  pointed  out  here  that  the  difTusivity  of  Ga  atoms  in 
Si02  also  shows  an  Arrhenius-like  relationship  with  the 
inverse  of  temperature  [5].  The  results  shown  in  Fig.  3, 
therefore,  provide  the  conclusive  evidence  that  the 
introduction  of  SI,  S2*,  and  S4  in  our  n-type  GaAs 
epitaxial  layers  is  directly  related  to  the  outdiffusion  of 
Ga  atoms  into  the  Si02  capping  layer  during  RTA.  An 
exponential  increase  in  the  outdiffusion  of  Ga  atoms 
into  the  Si02  layer  with  the  RTA  temperature  results  in 
an  exponential  increase  in  the  concentration  of  VG:|.  The 
consequent  increase  in  the  ratio  of  As:Ga  in  the  near¬ 
surface  region  of  n-GaAs  gives  rise  to  the  exponential 
increase  in  both  AsGa  and  As;.  We,  therefore,  propose 
that  defects  SI,  S2*,  and  S4  are  related  to  VGa,  Asj,  AsCi;1, 
or  complexes  thereof.  Similar  to  the  results  in  Fig.  2, 
variable-filling-pulse-width  measurements  have  shown 
that  S2*  was  ~3  times  larger  than  S2  in  samples 
annealed  at  80CFC  or  850:C. 

Although  defects  are  necessary  to  engineer  the 
bandgap  in  GaAs-based  heterostructures,  they  may  also 
have  detrimental  effects  on  device  performance.  For 
instance,  deep  levels,  especially  those  close  to  the  middle 
of  the  bandgap,  may  act  as  efficient  recombination 
centres  [6].  In  addition  to  increasing  the  leakage  current 
of  devices  (due  to  free  carrier  compensation  and 
increased  generation/recombination  of  carriers),  non- 
radiative  recombination  centres  may  also  decrease  the 
excitonic  behaviour  of  optical  devices  [7].  Hence,  it  is 
desirable  to  study  the  removal  kinetics  of  deep  levels  for 
the  optimisation  of  device  performance.  DLTS  spectra 
(d)  and  (e)  in  Fig.  1  show  that  the  removal  of  defects  SI 
and  S2*  are  accompanied  by  the  creation  of  secondary 
defects.  Fig.  4  summarises  the  isochronal  annealing 
behaviour  of  defects  SI  and  S2*,  together  with  the 


Annealing  Temperature:  TA  (°C) 
Fig.  4.  Isochronal  annealing  behaviour  of  defects. 


creation  of  secondary  defects.  The  change  in  the 
intensity  of  S4  is  not  shown,  but  it  remained  unchanged 
up  to  60(TC  [spectra  (c),  (d),  and  (e)  in  Fig.  1].  We  have 
previously  proposed  that  S4  was  a  member  of  the  EL2 
family  of  defects  [8].  The  intensities  of  SI  and  S2* 
remained  unchanged  up  to  350"C.  Their  dramatic 
removal  above  350  C  is  accompanied  by  the  introduc¬ 
tion  of  a  host  of  secondary  defects,  including  SA2,  SA3, 
SA4,  and  SB1.  The  defect  SA3  could  be  detected  only  at 
350  C  and  400'C,  because  it  is  completely  masked  by  the 
defect  peak  SA4  at  the  higher  annealing  temperatures. 
Defect  SA5  could  be  resolved  at  450°C  after  a  significant 
reduction  in  S2*.  It  is  worth  noting  here  that  SA5  may 
well  not  be  a  secondary  defect,  but  one  of  the 
constituents  of  S2*.  A  defect  peak,  SB1,  which  increases 
with  the  increasing  annealing  temperature  >500~C.  can 
also  be  observed  when  S2*  has  been  removed.  Although 
the  secondary  defects  may  be  related  to  complexes 
involving  VGa  and  Asj,  when  Si  and  S2  dissociate,  their 
identities  remain  unknown.  Table  1  summarises  the 
electronic  signatures  of  all  electron  traps  observed  in  this 
study  (capture  cross-sections  obtained  from  extrapola¬ 
tion  of  the  Arrhenius  plots). 


4.  Conclusions 

In  summary,  we  have  investigated  the  electronic  and 
isochronal  annealing  properties  of  defects  created  in  n- 
GaAs  epilayers  by  impurity-free  disordering.  The  crea¬ 
tion  of  defects  SI,  S2*,  and  S4  is  related  to  the 
outdiffusion  of  Ga  atoms  into  the  Si02  layer  during 
RTA  at  800“900°C.  We  have  provided  the  evidence  that 
S2*  arises  from  the  superposition  of  tw'o  discrete  traps, 
including  S2.  The  generation  of  excess  VGa  in  the  near¬ 
surface  region  of  n-GaAs  epilayers  during  RTA  also 
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Defect 

Activation  energy  (eV) 

Capture  cross-section  (cm2) 

Remarks 

SI 

0.23+0.02 

7  x  10-15 

Electric  field  dependent  [8] 

S2* 

0.53+0.03 

4  x  10~13 

Composed  of  2  defects,  including  S2  [3] 

S4 

0.74+0.04 

6  x  10~13 

Member  of  EL2  family  of  defects  [8] 

SA2 

0.16+0.02 

6  x  10~13 

SA3 

0.39+0.02 

2  x  10-13 

SA4 

0.37+0.02 

7  x  10“14 

SA5 

0.51+0.02 

6  x  10-15 

Could  be  a  component  of  S2*? 

SB1 

0.51+0.02 

2  x  10“13 

creates  an  excess  of  As*  and  Asca-  We  have,  therefore, 
proposed  that  SI,  S2*,  and  S4  are  related  to  either 
VGa>  Asj,  AsGa,  or  complexes  thereof.  SI  and  S2*  are 
thermally  stable  up  to  350°C,  and  their  dissociation  at 
higher  annealing  temperatures  gives  rise  to  several 
secondary  defects.  S4  is  stable  up  to  600°C,  which  is 
typical  of  the  annealing  behaviour  of  a  member  of  the 
EL2  family  of  defects. 
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Abstract 

The  structure  of  acceptor  hydrogen  complexes  is  a  subject  of  fundamental  and  technological  interest.  To  probe  the 
interactions  between  hydrogen,  the  acceptor,  and  the  surrounding  host  atoms,  hydrostatic  pressure  may  be  applied  over 
a  wide  range.  Using  infrared  spectroscopy  at  liquid-helium  temperatures,  we  have  observed  carbon  and  carbon- 
hydrogen  local  vibrational  mode  (LVMs)  in  InP  at  hydrostatic  pressures  as  high  as  5.5 GPa.  For  pressures  beyond 
4.5  GPa.  the  carbon-hydrogen  mode  was  not  observed,  perhaps  as  a  result  of  a  transformation  of  the  complex  into  a 
different  configuration.  The  LVM  arising  from  carbon  substitutional  impurities  varies  linearly  with  pressure,  whereas 
the  shift  of  the  carbon-hydrogen  mode  has  a  positive  curvature.  Both  of  these  observations  are  in  qualitative  agreement 
with  the  pressure  dependence  of  LVMs  in  GaAs.  While  the  substitutional  carbon  impurities  show  very  similar  pressure 
shifts  in  the  two  materials,  the  linear  pressure  coefficient  of  the  carbon -hydrogen  stretch  mode  in  InP  is  nearly  three 
times  that  in  GaAs.  r  2001  Elsevier  Science  B.V.  Ail  rights  reserved. 

Keywords:  Hydrogen:  Local  vibrational  modes:  Infrared:  Pressure 


Hydrostatic  pressure  is  an  important  experimental 
parameter  that  can  be  tuned  over  a  wide  range  in  order 
to  obtain  insight  into  the  properties  of  solids  [1]. 
The  development  of  high-pressure  diamond  anvil  cells 
(DACs)  has  led  to  extensive  experimental  research  on 
the  properties  of  high-density  molecular  solids  [2]  and 
semiconductors  [3].  In  a  DAC.  a  sample  is  placed  in  a 
pressure-transmitting  ambient,  such  as  liquid  nitrogen 
or  alcohol  mixtures.  Pressures  up  to  several  hundred 
GPa  ( 1  GPa  =  lOkbar  =10  2  Mbar  =  9870 atm)  have  been 
achieved. 

DACs  are  well  suited  to  infrared  (IR)  spectroscopy. 
Diamonds  are  transparent  over  a  wide  spectral  range, 
although  type  I  diamonds  contain  nitrogen  impurities 
that  strongly  absorb  from  1000  to  1500cm  '.  Type  II-A 
diamonds  does  not  contain  this  absorption  band.  In 
addition,  all  diamonds  contain  a  two-photon  absorption 
band  around  2 1 00 cm  1 .  N2.  Ar.  or  He  arc  typically  used 
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as  the  ambient,  since,  unlike  alcohol  mixtures,  they  are 
transparent  to  IR  light.  In  N2.  a  vibrational  mode  of 
C02  impurities  is  sensitive  to  pressure  and  is  used  as  a 
precise  in  situ  pressure  calibration  for  IR  absorption 
experiments  [4].  This  calibration  has  been  established  up 
to  a  pressure  of  7  GPa. 

To  measure  the  IR  spectra  of  semiconductors  under 
pressure,  a  custom  diamond  anvil  cell  has  been  designed 
and  fabricated  (Fig.  1).  In  this  cell,  force  is  applied  by 
six  Allen  screws,  which  squeeze  together  a  piston  and 
cylinder  [5].  The  diamonds  are  supported  by  flat  and 
hemispherical  backing  plates  made  from  tungsten 
carbide.  An  off-axis  parabolic  mirror  efficiently  focuses 
the  collimated  IR  beam  onto  the  sample.  A  photo¬ 
conducting  Ge :  Cu  detector  is  placed  in  close  proximity 
to  the  sample,  so  that  a  large  fraction  of  the  transmitted 
IR  light  is  collected.  The  entire  assembly  is  placed  in  a 
Janis  STVP-100  liquid-helium  cryostat  and  kept  at  a 
temperature  of  6-12 K.  The  low  temperatures  are 
advantageous  for  tw'o  reasons.  First,  the  local  vibra¬ 
tional  mode  (LVM)  lines  sharpen  with  decreasing 
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Fig.  1.  Cross  section  of  DACs  used  for  IR  spectroscopy.  The 
diamonds,  gasket,  and  sample  are  shown  in  the  inset. 


temperature.  Second,  the  sensitive,  low-noise  Ge:Cu 
detector  operates  at  liquid-helium  temperatures. 

LVM  spectroscopy  is  a  useful  technique  for  determin¬ 
ing  the  microscopic  structure  of  impurities  and  defects  in 
semiconductors  [6-8].  LVMs  of  impurities  are  localized 
in  real  and  frequency  space  [9],  giving  rise  to  sharp  IR 
absorption  peaks  at  liquid-helium  temperatures  [8]. 
Hydrogen,  for  example,  typically  has  LVM  frequencies 
5-10  times  the  maximum  phonon  frequency  and  has 
narrow  IR  absorption  peaks  [10-12],  After  the  dis¬ 
coveries  that  hydrogen  passivates  donors  [13]  and  accep¬ 
tors  [14]  in  GaAs,  numerous  hydrogen-related  com¬ 
plexes  have  been  observed  in  compound  semiconductors 
[10,15].  In  this  paper,  we  review  measurements  of  the 
dependence  of  carbon  and  carbon-hydrogen  LVMs  in 
GaAs  and  InP  under  large  hydrostatic  pressures. 

The  effect  of  pressure  on  LVMs  in  semiconductors  has 
only  recently  been  studied  and  has  shown  interesting 
results.  Pressure  has  been  applied,  in  conjunction  with 
LVM  spectroscopy,  to  probe  DX  centers  in  GaAs  [16], 
resonant  interactions  in  AlSb  [17],  hydrogen-related 
complexes  in  GaAs  [18]  and  InP  [19]  and  interstitial 
oxygen  in  silicon  [20].  It  is  hoped  that  hydrostatic 
pressure  may  be  used  to  differentiate  between  different 
hydrogen  configurations  that  have  the  same  symmetry 
(e.g.,  bond-centered  vs.  antibonding). 

Samples  discussed  in  this  paper  were  carbon-doped 
and  grown  by  metalorganic  chemical  vapor  deposition 
on  semi-insulating  substrates.  For  the  case  of  InP :  C,  It 
has  been  shown  [21]  that  approximately  half  of  the 
carbon  impurities  are  paired  with  hydrogen  (CP-H) 
while  the  other  half  are  substitutional  carbon  acceptors 
(CP)  that  are  compensated  by  donors.  At  liquid-helium 
temperatures,  the  CP-H  stretch  mode  and  CP  mode  have 
frequencies  of  2703  and  547  cm-1,  respectively.  It  was 
proposed  [21]  that  the  hydrogen  attaches  directly  to  the 


Fig.  2.  Schematic  diagrams  of  (a)  substitutional  carbon 
acceptor  (CP)  and  (b)  carbon-hydrogen  pair  (CP-H),  in  InP. 
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Fig.  3.  IR  spectra  of  InP :  C,  H  for  three  different  pressures,  at  a 
temperature  of  9  K.  The  arrow  indicates  where  the  l2Cp-H  peak 
should  be  at  5.2  GPa,  by  extrapolation  from  the  lower  pressure 
data. 


carbon  acceptor,  in  a  [1  1 1]  bond-centered  orientation, 
adjacent  to  a  host  indium  atom  (Fig.  2).  This  bond- 
centered  model  is  believed  to  apply  for  all  known  Cy-H 
pairs  in  III-V  semiconductors  [22], 

IR  spectra  for  several  different  pressures  are  shown  in 
Fig.  3.  In  this  figure,  the  spectra  were  taken  during  a 
decrease  in  pressure.  The  pressure  was  increased  and 
decreased  several  times,  and  no  evidence  of  hysteresis 
was  observed.  Both  the  CP  and  CP-H  peak  frequencies 
increase  with  increasing  pressure.  For  pressures  be¬ 
yond  approximately  4.5  GPa,  the  CP-H  peak  was  not 
observed.  The  arrow  in  Fig.  3  indicates  where  the  peak 
should  be,  by  extrapolation  from  the  lower  pressure 
data.  The  disappearance  of  this  peak  may  be  due  to 
nonhydrostatic  stresses  that  cause  significant  line 
broadening.  It  is  not  clear,  however,  why  the  carbon 
LVM  would  not  be  affected  to  the  same  degree.  A 
second  possibility  is  that  the  CP-H  complex  transforms 
into  a  different  configuration  at  high  pressures,  since 
there  is  no  associated  change  in  the  CP  LVM.  However, 
no  new  peak  is  observed,  so  that  the  location  of  the 
“missing  hydrogen”  is  currently  an  unsolved  mystery. 

The  pressure-dependent  shifts  of  InP  two-phonon 
modes  and  CP  LVM  were  measured.  The  two-phonon 
modes  have  been  identified  previously  as  2  TO  and 
LO  +  TO  modes  [23],  In  the  range  of  pressures  studied, 
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Fig.  4.  InP^'Cp-H  stretch-mode  frequency  as  a  function  of 
pressure.  The  solid  line  is  a  polynomial  least-squares  fit  to  the 
data  [Eq.  (5)]. 

the  frequencies  of  the  phonon  modes  and  CP  LVM  vary 
linearly  with  pressure.  Least-squares  linear  fits  yield  the 
following  expressions: 

v(InP  :,2Cp)  =  546.9  +  9.5P,  (1) 

v(InP,  2TO)  =  631.6  +  10.7P,  (2) 

v(InP,  LO  +  TO)  =  659.0  +  10.8P,  (3) 

where  the  frequencies  v  are  in  cm  1  and  pressures  P  are 
in  GPa.  The  similarity  between  the  phonon  and  LVM 
shifts  is  consistent  with  a  mass-defect  model,  in  which 
the  properties  of  the  bonds  are  not  affected  by  the 
substitution  of  an  impurity.  The  pressure  dependence  of 
the  carbon  LVM  is  similar  to  that  in  GaAs  (Ref.  [18]): 

v(GaAs  :I2CAs)  -  582.7  +  9.3 P.  (4) 

The  CP-H  stretch-mode  frequency  is  plotted  as  a 
function  of  pressure  in  Fig.  4.  The  plot  shows  a  slight 
positive  curvature.  A  least-squares  quadratic  fit  yields 

v(InP  :12CP-H)  =  2703.4+  16.4/>  +  0.9P2.  (5) 

A  positive  curvature  was  also  observed  in  GaAs:C,  H 
stretch  modes  [18]: 

v(GaAs  :,jCas— H)  =  2635.2  +  6.0P  +  l.l/>2.  (6) 

While  the  quadratic  terms  are  similar,  the  linear  term  for 
InP:CP-H  is  nearly  three  times  that  for  GaAs:CAs-H. 
The  reason  for  this  significant  difference  is  not  obvious. 
One  contributing  factor  may  be  the  weaker  CP-In  bond 
compared  with  the  CAs~Ga  bond  [24,25].  The  weaker 
bond  would  allow  for  a  larger  displacement  of  the 
CP  — H  pair  toward  the  plane  of  the  three  neighboring 
In  atoms,  allowing  us  to  speculate  that  this  could  lead  to 
a  larger  rate  of  change  of  the  LVM  frequency  with 
increasing  pressure. 

In  summary,  we  have  measured  the  pressure 
dependence  of  LVM  frequencies  in  InP.  As  in  the 
case  of  AlSb:  ,:C  [4],  GaAs::xSi  [16],  GaAs:l2C,  and 
GaAs:i:iC  [18],  we  find  that  the  InP:,2C|>  LVM 


frequency  varies  linearly  with  pressure.  The  pressure- 
dependent  shift  of  the  InP:I2CP-H  stretch  mode  has  a 
positive  curvature,  as  in  the  case  of  GaAs.  This  result 
supports  the  hypothesis  that  bond-centered  hydrogen 
complexes  generally  exhibit  positive  curvatures  in  their 
frequency  vs.  pressure  plots.  In  the  future,  hydrostatic 
pressure  may  prove  to  be  a  useful  technique  for 
differentiating  between  bond-centered  and  antibonding 
configurations.  For  instance,  the  different  theoretical 
models  proposed  for  Mg-H  complexes  in  GaN  should 
predict  different  pressure-dependent  LVM  shifts,  allow¬ 
ing  us  to  test  the  models  experimentally. 
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Abstract 

The  results  of  a  study  of  peculiarities  of  donor-acceptor  recombination  in  ri-doped  type  II  GaAs/AlAs  superlattices 
are  presented.  The  binding  energies  of  donors  and  acceptors  in  the  superlattices  have  been  determined.  The  possibility 
of  donor-acceptor  recombination  in  superlattices  with  impurities  separated  by  several  undoped  layers  has  been 
demonstrated,  f  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Superlattice:  Photolumincsccnce:  Impurity 


Recently  type  II  quantum  wells  (QWs)  and  super¬ 
lattices  (SLs).  the  characteristics  of  which  strongly  differ 
from  those  of  type  I  QWs  and  SLs,  were  investigated 
both  theoretically  and  experimentally.  The  investigation 
of  recombination  mechanisms  in  superlattices  with  type- 
II  band  alignment  is  gaining  not  only  a  fundamental,  but 
also  an  applied  importance  today.  It  was  shown  recently 
that  Auger  recombination,  which  is  the  major  channel 
of  nonradiative  recombination  at  high  temperatures 
and  excitation  densities,  can  be  suppressed  in  type  II 
structures  [1],  which  could  promote  creation  of  low- 
threshold  lasers  [2]  on  the  basis  of  such  structures.  The 
fundamental  excitonic  recombination  has  been  investi¬ 
gated  in  type  II  SLs  in  detail,  while  radiative  recombi¬ 
nation  through  impurity  levels  has  been  studied  only 
scarcely.  In  this  work  we  report  the  results  of  a  study  of 
donor-acceptor  recombination  (DAR)  in  />-doped  type 
II  GaAs/AlAs  superlattices. 

The  study  was  performed  on  r^-doped  short-period 
GaAs/AlAs  superlattices  grown  by  molecular  beam 
epitaxy  on  (100)  GaAs  substrates  at  a  substrate 
temperature  of  6(XFC.  The  SLs  consisted  of  40  periods 
of  GaAs  and  AlAs  layer  pairs  grown  on  top  of  a  0.5  pm 
GaAs  buffer  layer.  The  SL  layer  thicknesses  ranged 
from  5  to  1 1  monolayers.  The  doping  of  the  SLs  was 
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performed  with  ^-layers  of  acceptors  (beryllium)  placed 
in  the  GaAs  layers  and  ^-layers  of  donors  (silicon)  in  the 
AlAs  layers.  The  ^-layers  were  formed  either  symme¬ 
trically  in  the  center  of  SL  layers,  or  two  monolayers 
apart  from  the  direct  heterointerface  (AlAs  on  GaAs), 
and  could  be  separated  one  from  another  with  several 
undoped  layers  of  the  SL. 

Steady-state  photoluminescence  (PL)  was  excited 
by  an  Ar 1  laser  with  a  wavelength  of  488  nm.  The 
excitation  intensity  was  varied  in  the  range  2-100 
W/cnr.  Nonstationary  PL  was  excited  by  a  nitrogen 
laser  with  a  pulse  duration  of  10  ns  and  a  repetition 
frequency  1  kHz.  Spectra  and  PL  kinetics  were  recorded 
by  a  double  grating  spectrometer  equipped  with  a 
cooled  S-20  cathode  photomultiplier  operated  in  the 
photon  counting  mode. 

The  low-temperature  steady-state  PL  spectra  of  non¬ 
center-doped  (GaAs)7(AlAsf>  SLs  (7  monolayers  of 
GaAs  and  9  monolayers  of  AlAs  per  period)  with 
different  doping  concentrations  are  shown  in  Fig.  1.  The 
line  of  Xr  excitons  consisting  from  electrons  in  the  X- 
valley  of  the  conduction  band  of  AlAs  and  holes  in  the  T 
valley  of  the  valence  band  of  GaAs  dominates  in  the 
spectrum  of  the  structure  with  the  lowest  doping  level  of 
5xlOi0cm  2  (upper  spectrum),  accompanied  by  its 
phonon  replicas  Y1  and  Y2.  The  line  Y1  is  separated  by 
27  meV  from  the  Xr  line,  which  corresponds  to  the 
energy  of  LA  phonons  in  GaAs  and  AlAs,  and  the  line 
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Fig.  1.  Steady-state  PL  spectra  of  <5-doped  type  II  (GaAs)7 
(A1As)9  superlattices.  Doping  levels:  1 — 5.5  x  1010,  2 — 2  x  1011, 
and  3 — 7.5  x  10llcm~2.  Measurement  temperature  T  =  4.2  K. 


Y2  is  separated  by  49  meV,  which  corresponds  to  the  LO 
phonon  energy  in  AlAs. 

When  the  impurity  concentration  reaches  10n  cm-2,  a 
new  broad  line  emerges  in  the  spectrum  50-100  meV 
below  the  Xr  exciton  line,  similar  to  the  line  which  was 
earlier  identified  in  the  spectra  of  uniformly  doped  SLs 
as  a  line  of  interimpurity  transitions  between  donors 
located  in  the  AlAs  layers  and  acceptors  in  the  GaAs 
layers  of  an  SL  [3],  When  the  impurity  concentration  is 
greater  than  2  x  101 1  cm-2,  this  line  becomes  dominating 
in  the  spectrum.  The  increase  of  the  intensity  of  the 
new  line  with  doping  concentration  increase  confirms 
its  assignment  to  the  donor-acceptor  recombination 
mechanism. 

To  reveal  the  peculiarities  of  donor-acceptor  recom¬ 
bination  in  (5-doped  type  II  SLs  and  to  determine  the 
carrier  binding  energies  the  steady  state  and  nonsta¬ 
tionary  PL  spectra  of  samples  with  different  layer 
thicknesses  were  measured  at  different  temperatures 
and  excitation  intensities. 

The  new  line  displayed  a  red  shift  in  the  spectrum  with 
a  decrease  in  the  excitation  intensity,  as  is  the  case  for 
DAR  in  bulk  semiconductors.  Fig.  2  shows  the  depen¬ 
dence  of  the  position  of  the  new  line  on  excitation 
intensity  for  samples  with  different  layer  thicknesses. 
The  magnitude  of  the  red  shift  is  larger  than  in  bulk 
material  and  depends  on  the  SL  layer  thicknesses:  in 
the  (GaAs)7(AlAs)7  SL  the  shift  reaches  20meV  when 
the  excitation  intensity  is  changed  by  10  times,  while 
in  the  (GaAs)  ]  i  (AlAs)  n  SL  the  shift  amounts  to  1 5  meV. 
In  comparison,  in  bulk  AlAs  a  10-fold  excitation 
intensity  increase  results  in  a  lOmeV  shift  of  the  DAR 
line  [4]. 


Fig.  2.  Dependence  of  the  donor-acceptor  PL  line  position  on 
excitation  intensity  for  the  (GaAs)7(AlAs)7  SL  (curve  1)  and 
(Ga As),, (AlAs) n  SL  (curve  2)  at  T  =  4.2 K. 


Fig.  3.  Decay  curves  of  the  donor-acceptor  PL  line  for  the 
(GaAs), , (AlAs) ],  SL  (curve  1)  and  (GaAs)7(AlAs)7  SL  (curve 
2)  and  their  power-law  fits  (curves  3  and  4,  respectively). 
Measurement  temperature  T  =  6  K. 

After  a  transient  excitation  the  integrated  intensity  I 
of  the  new  line  exhibits  a  microsecond-scale  decay  which 
follows  a  power-law  I(t)~  1  /f  (Fig.  3).  The  value  of  the 
exponent  y  depends  on  the  SL  layer  thicknesses:  it  was 
found  to  be  smaller  in  the  (GaAs)7(AlAs)7  SL  (y  =  0.73) 
than  in  the  (GaAs) n (AlAs) u  sample  (y  =  0.93).  It  is 
necessary  to  note  that  y  does  not  change  with  the  sample 
temperature  increased  in  the  range  up  to  «50K.  The 
line  displays  a  red  shift  in  the  time-resolved  spectrum 
with  delay  time. 

Fig.  4  shows  a  typical  dependence  of  the  integrated 
intensity  and  position  of  the  DAR  line  on  temperature 
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Temperature  (K) 

Fig.  4.  Temperature  dependencies  of  the  donor-acceptor  line 
intensity  and  position  taken  on  the  (GaAs),|(AlAs)n  SL 
sample. 


(T).  It  is  seen  that  the  DAR  line  is  red-shifting  with 
temperature  faster  than  the  band  gap  is  decreasing.  The 
intensity  of  the  DAR  line  decreases  exponentially  with 
temperature  increase.  The  decrease  of  the  DAR  line 
intensity  is  apparently  connected  with  ionization  of  the 
smaller  binding  energy  impurity  in  a  pair  (in  bulk  AlAs 
the  binding  energy  of  the  silicon  donors  is  equal  to 
80meV  [4,5]  and  the  binding  energy  of  the  beryllium 
acceptors  in  bulk  GaAs  is  30meV  [6]).  To  determine 
the  acceptor  binding  energy  the  temperature  depen¬ 
dence  of  the  integrated  intensity  of  the  DAR  line  was 
approximated  with  the  relationship  I(T)  =  /„/[!  + 
A  exp(-Ej\/kTj],  where  70  is  the  intensity  at  4.2  K,  A 
is  a  constant,  E\  is  the  acceptor  activation  energy,  and  k 
is  the  Boltzmann's  constant.  The  activation  energy  value 
obtained  from  the  fit  equals  to  12.5 ± 0.5  meV  indepen¬ 
dently  on  the  layer  thickness  and  position  of  impurity  <5- 
layers.  This  value  disagrees  with  the  results  obtained  in 
experiments  with  beryllium  in  quantum  wells  of  similar 
thickness,  where  its  activation  energy  is  equal  to  40  meV 
[6].  The  smaller  value  of  the  thermal  activation  energy  in 
<5-doped  SLs  may  be  caused  by  Coulomb  interaction 
between  the  acceptor  and  donor  in  a  pair.  To  determine 
the  binding  energy  of  silicon  donors  the  experimental 
dependence  of  the  position  of  the  DAR  line  maximum 
on  the  excitation  intensity  J  at  T  -  4.2  K  was  approxi¬ 
mated  by  the  theoretical  dependence  obtained  in  Ref.  [7] 
for  the  three-dimensional  case: 

[hcom  -  E,  +  {E a  +  ED)f 
[2(£g  —  (E\  -f  £i>)  —  fuom)  +  e-/(r.R\i)\ 

-v7mh) 

[hcom  —  -f  (£,\  +  £j))] 


Hnergy  feV) 

1.90  1.80  1.70 


Fig.  5.  Steady-state  PL  spectra  of  the  (GaAs)7/(AlAs)«, 
supcrlatticc  with  dopant  (5-layers  located  near  the  AlAs/GaAs 
heterointerface.  Spectra  1  and  2— excitation  intensities  of  15 
and  30W/cnr,  respectively.  Doping  level  5  x  10* 1  cm  2. 


where  h(om  is  the  position  of  the  DAR  line  maximum,  s 
is  the  permittivity  of  the  medium  chosen  to  be  1 1 .3,  £,  is 
the  band  gap  which  was  taken  to  be  equal  to  the  distance 
between  the  lowest  electron  quantization  level  in  the 
AlAs  layer  and  the  lowest  heavy  hole  level  in  the  GaAs 
layer,  E\  +  £[>  is  the  sum  of  the  binding  energies  of 
acceptor  and  donor.  7?u  is  the  acceptor  Bohr  radius,  D  is 
a  proportionality  factor,  and  e  is  the  electron  charge. 
The  sum  £\  +  E d  in  SLs  determined  by  the  fit  equal  to 
1 50  meV  in  the  (GaAs)7(AlAs)7  SL  and  140meV  in  the 
(GaAs)I|(AlAs)n  SL.  The  binding  energy  of  donors  in 
the  AlAs  layers  can  then  be  deduced  from  these  data. 
Taking  into  account  that  the  found  acceptor  binding 
energy  may  have  decreased  because  of  the  Coulomb 
interaction  and  taking  it  equal  to  the  binding  energy 
of  beryllium  in  a  single  QW,  that  is  40meV,  we  obtain 
the  binding  energy  of  silicon  in  the  AlAs  layers  of 
the  (GaAs)7(AlAs)7  SL  of  llOmeV,  and  lOOmeV  in 
the  (GaAs)i  i(A1As)i  |  SL.  It  is  seen  that  the  donor 
binding  energies  in  SLs  obtained  in  the  current  work 
exceed  the  values  reported  for  AlAs,  which  may  be 
caused  by  the  influence  of  the  SL  potential  on  the 
binding  energy. 

Next,  the  DAR  in  SLs  with  the  dopant  layers  located 
near  the  heterointerfaces  was  studied.  We  found  that  in 
these  asymmetric  SLs  the  DAR  line  exhibits  a  complex 
structure  and  consists  of  two  strongly  overlapping  bands 
separated  by  approximately  40meV  (Fig.  5).  We  believe 
that  the  appearance  of  the  two  bands  is  caused  by  the 


D.V.  Gulyaev  et  al.  /  Physica  B  308-310  (2001)  784-787 


787 


possibility  of  carrier  recombination  in  both  directions — 
through  both  the  direct  and  inverted  heterointerfaces  in 
such  SLs. 

To  evaluate  the  distance  between  the  dopant  layers 
through  which  the  interimpurity  recombination  is  still 
possible,  we  separated  the  n-  and  p-<S-doped  layers  of  the 
SL  with  several  undoped  layers.  We  found  that  the  DAR 
line  is  observed  in  SLs  where  impurities  are  separated  by 
two  and  even  by  four  undoped  SL  layers,  or  by  4.3  nm 
and  7.2  nm,  respectively. 

The  large  shift  of  the  DAR  line  with  the  excitation 
intensity  that  we  observed  (Fig.  2)  is  one  of  the  pecu¬ 
liarities  of  donor-acceptor  recombination  in  type  II  SLs. 
The  larger  line  shift  in  comparison  with  the  bulk  data  is 
explained  by  the  increased  impurity  binding  energies  in 
SLs  [8-10]. 

The  increase  of  shallow  impurity  binding  energies  in 
an  SL  should  be  accompanied  by  a  decrease  of  the 
recombination  rate  of  a  DAR  line.  On  the  contrary,  a 
decrease  of  the  distance  between  the  <5-layers  should 
increase  the  DAR  rate.  However,  we  observed  that  in 
the  (GaAs)n(AlAs)n  SL  the  DAR  decay  is  faster  than 
in  the  (GaAs)7(AlAs)7  sample  (Fig.  3).  We  therefore 
conclude  that  the  effect  of  the  SL  potential  on  the 
impurity  wavefunctions  turns  out  to  be  stronger  than 
the  influence  of  the  change  of  the  distance  between 
impurity  <5-layers  in  the  SL  layers. 

In  summary,  the  following  peculiarities  of  donor- 
acceptor  recombination  have  been  experimentally 
observed  in  <5-doped  type  II  GaAs/AlAs  superlattices: 
(1)  the  magnitude  of  the  DAR  line  shift  with  excitat¬ 
ion  intensity  is  greater  than  in  3D,  and  (2)  the  DAR 
line  decay  kinetics  is  described  by  a  power-law  1  / P 
with  the  power  y  being  dependent  on  the  SL  layer 


thickness.  The  carrier  binding  energies  of  donors  and 
acceptors  is  SLs  have  been  determined.  The  possibility 
of  donor-acceptor  recombination  in  SLs  with  impurities 
separated  by  several  undoped  SL  layers  has  been 
demonstrated. 
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Abstract 

Investigating  current  transients,  it  is  established  that  in  the  dark  at  low  temperatures  resonant  energy  levels  in  the 
conduction  band  can  be  transformed  in  the  presence  of  hot  electrons  into  metastable  centres.  There  exist  critical  lower 
thresholds  with  respect  to  the  applied  electric  field  and  the  Si(j;, -concentration.  These  facts  can  be  explained  by  carrier 
heating.  It  leads  to  a  change  of  the  potential  wells.  Due  to  their  significant  deepening  more  electrons  are  in  subband 
states  above  the  energy  of  the  DX  "-centre  and  therefore  allow  the  formation  of  metastable  centres.  The  hot  carriers  also 
decrease  the  screening  of  the  interaction  between  neighbouring  Si(ia -atoms,  (r.  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  72.20.Ht:  72.20.Jv:  72.80.Ey 

Keywords:  DX  centres:  Hot  electrons;  Quantum  well;  Transport  process 


1.  Introduction 

In  homogeneously  doped  GaAs :  Si,  the  DX-centre 
with  2  bound  electrons  and  the  Si  atom  shifted  in 
<111 ) -direction  towards  an  interstitial  site  [1,2]  could 
explain  the  essential  difference  between  the  thermal  and 
optical  activation  and  persistent  photoconductivity.  This 
model  provoked  many  discussions,  and  the  description 
of  some  experimental  results  by  such  a  centre  was  not 
always  unambiguous.1  However,  in  IR  spectroscopy 
under  high  pressure  a  new  line  was  detected  and 
connected  with  the  DX-centre  [3].  Another  proof  of 
the  model  is  the  results  of  positron  annihilation 
experiments,  which  exhibited  a  small  “vacuum”  at  the 
Sicja  site,  when  the  DX” -centre  had  been  created, 
vanishing  again  when  destroyed  [4]. 


♦Corresponding  author. 

E-mail  address:  marion.asche^  frecnet.dc  (M.  Asche). 

1  Fits  to  experimental  data  neglecting  the  correlation  between 
positively  and  negatively  charged  ions  seemed  to  favour  the  A1 
type. 


In  highly  doped  delta-layers,  in  which  group  IV 
impurities  are  deposited  on  cation  sites  of  III-V 
semiconductors,  the  wave  functions  of  the  donors  and 
the  conduction  band  edge  overlap,  and  there  are  deep 
potential  wells  formed,  in  which  the  motion  of  the 
electrons  is  restricted  perpendicular  to  the  plane. 
Nevertheless,  the  DX-centres  due  to  their  localized  wave 
function  might  be  formed  in  delta  layers.  It  had  been 
suggested  that  DX” -centres  could  be  responsible  for  the 
well-known  discrepancy  between  the  concentrations  of 
active  donors  and  nominal  deposited  Si-atoms  (e.g. 
Ref.  [5]),  since  it  was  expected  that  in  such  planar 
structures  due  to  the  high  electron  concentration  the 
Fermi  level  can  reach  the  energy  of  the  resonant  states. 
However,  in  Ref.  [6]  the  broadening  of  the  potential 
wells  at  high  donor  concentration  and  growth  tempera¬ 
ture  was  shown  to  inhibit  the  DX”-centre  formation  in 
the  absence  of  pressure  in  contrast  to  a  narrow  potential 
profile.  Yet  persistent  photoconductivity  observed  in  a 
layer  with  a  sheet  donor  concentration  of  1013  cm-2 
seemed  to  prove  the  existence  of  DX-centres  [7]. 
Probably  the  different  results  are  connected  with  the 
strong  dependence  of  properties  of  delta-layers  on  the 
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growth  conditions.  The  occupation  of  resonant  states 
due  to  an  electron  heating  in  high  electric  fields  and  the 
formation  of  DX- -centres  in  GaAs/AlGaAs  hetero¬ 
structure  was  thought  to  be  the  origin  of  a  current 
decrease  [8],  yet  it  was  probably  connected  with  the  Si 
dopants  in  the  barriers  of  the  MODFETs. 


2.  Experiments  and  results 

We  investigated  GaAs  :  Si  under  the  influence  of  high 
electric  field  pulses — of  240  ns  duration  each  in  order  to 
eliminate  Joule  heating — applied  within  the  doping 
plane  to  explore  the  enhanced  average  energy  of  the 
carriers  for  a  possible  formation  of  metastable  centres. 
The  measurements  were  performed  in  the  dark  in  liquid 
nitrogen  or  helium  baths. 

Our  GaAs:  Si  structures  were  grown  by  molecular 
beam  epitaxy  at  comparatively  high  temperatures 
(550°C  and  610°C)  and  low  equivalent  As  partial 
pressure  [9].  The  main  differences  of  the  presented  four 
structures  are  the  substrate  orientations  and  dopant 
concentrations:  (0  01)  for  the  first  pair  (A,B)  with  a 
doping  of  7  x  1012  cm-2  and  a  second  pair  (C,D)  2° 
misoriented  towards  the  (1  1  1)-Ga  plane  with  a  deposi¬ 
tion  of  nominal  1.4  x  1014  cm-2  Si  atoms  by  interrupted 
growth  technique.  The  latter  structures  were  especially 
grown  under  those  conditions  to  obtain  “wires”  of  Si 
pairs  along  the  edges  of  the  terraces  [10].  They  differ 
from  each  other  by  a  reduced  temperature  during 
overgrowth  for  C.  However,  concerning  our  high  field 
transport  investigations,  all  the  structures  behave  in  a 
similar  way  as  long  as  the  concentration  of  electrically 
active  donors  is  not  below  3  x  1012  cm-2. 

The  results  exhibit  five  particularities: 

1.  In  the  course  of  the  applied  high  field  pulses 
the  current  decreases  remarkably  as  shown  for  type  D 
in  Fig.  1  with  electric  field  strength  as  parameter. 
For  decreased  doping  down  to  7  x  1012  cm-2  and  an 
estimated  lower  limit  of  conducting  electrons  by  Hall 
measurements  of  3.5  x  1012-5  x  1012  cm-2  by  Shubni- 
kov-De  Haas  measurements — (type  B)  the  saturated 
current  change  was  approximately  alike,  while  for 
somewhat  less  electrically  active  donors  (type  A)  it 
gained  only  a  value  of  some  percent,  and  no  effect  at  all 
was  to  be  seen  for  a  less  doped  structure  with  only  4  x 
1012  cm-2  Si  atoms.2 

2.  A  current  decrease  occurs  realised  only  if  the 
applied  field  is  higher  than  a  certain  threshold  field. 
The  latter  strongly  depends  on  the  concentration  of 
electrically  active  donors  being  about  6kV/cm  for 


2  Remember  that  4  x  1012  cm-2  is  equivalent  to  about 
8  x  10]8  cm-3,  while  in  homogeneously  doped  GaAs  with 
pressure  the  DX~-centre  was  observed  down  to  1017  cm-3. 


Fig.  1 .  Current  change  as  a  function  of  applied  field  pulses 
normalised  to  its  initial  value  for  structure  D  with  an  Si  doping 
concentration  of  1.4  x  10 14  cm-2  and  a  lower  limit  of  electron 
concentration  estimated  as  4  x  1012  cm-2  by  Hall  measure¬ 
ments. 


1.5  x  1013  cm-2  (type  C)  to  about  4  kV/cm  for  3.5  x 
10 12  cm~2  (type  B). 

3.  The  new  current  value  remains  unchanged  for  days 
at  low  temperature.  Besides  a  recovery  to  its  initial 
value  by  thermal  activation  above  130  K  or  an  optical 
excitation  with  an  energy  above  0.9  eV  [11]— also 
typical  for  homogeneously  doped  GaAs — the  conduc¬ 
tivity  can  be  partly  restored  by  lower  electric  fields  than 
used  to  form  the  centres. 

4.  In  the  beginning  of  the  applied  heating  field  the 
current  changes  proportional  to  the  square  root  of  time. 
Therefore,  in  order  to  analyse  the  data  they  were 
presented  in  dependence  on  /1/2  and  a  fitting  procedure 
with  one  of  the  expressions 

m/m = fijs/m  *  %/Wo  +  \Aa) 

or 

m/m  =  sjs/m  *  to  -  exP(-  vTA))} 

was  used.  The  values  of  the  time  constants  do  not 
depend  on  the  chosen  fitting  procedure  and  those  of  the 
saturation  value  of  the  normalised  current  changes  only 
up  to  10%.  Then  Sjs/j( 0)  and  z  obtained  from  the 
transients  are  shown  in  Fig.  2a  and  b  as  functions  of  the 
applied  field.  They  can  be  presented  by 

sjjm  =  sum/m *  ji  -  exp(~ F  }■ 

X  =  t(oo) y/ jl  ~  exp^—  — 

i.e.,  both  expressions  with  a  threshold  field  Fo,  andy5(co) 
as  well  as  t(oo)  denoting  the  values  for  F-*  oo. 

5.  For  lower  lattice  temperature  (helium  bath)  the 
characteristic  features  remain  qualitatively  the  same, 
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Fig.  2.  Normalised  saturation  current  change  (a)  and  time 
constant  for  the  current  decrease  (b)  as  functions  of  applied 
field  obtained  by  fitting  procedures. 


only  the  normalised  current  change  at  a  given  field 
strength  is  somewhat  bigger. 

Besides,  the  field  dependences  of  the  currents  before 
and  after  creation  of  centres  almost  coincide,  when 
normalised  in  the  region  of  highest  applied  fields,  and 
allow  to  conclude  that  the  high  field  mobilities  do  not 
differ  remarkably.  Therefore,  the  normalised  saturation 
current  change  equals  the  normalised  carrier  concentra¬ 
tion  change.  Consequently  the  concentration  of  created 
DX  -centres  can  be  determined. 


3.  Discussion 

Particularity  3  is  an  evidence  that  in  our  experi¬ 
ments  metastable  DX'  -centres  are  the  cause  of  current 
decrease.  To  form  these  centres  it  is  necessary  to 
populate  the  resonant  levels  of  Si  in  the  T-conduction 
band.  The  carrier  heating  in  strong  electric  fields, 
firstly,  changes  the  form  of  the  potential  well  as  well 
as  the  energy  of  its  bottom  and,  secondly,  weakens 
the  screening  of  the  interaction  of  charged  ions, 
consequently  decreasing  the  energy  difference  between 


i  ’  i - - - r - ' - 1 - * - r— — - r - - - 1 — 
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Fig.  3.  Sclf-consistently  calculated  potential  <P  as  well  as  quasi- 
Fermi  level  /<[.  for  7  x  10L  cm'2  donors  at  electron  tempera¬ 
tures  of  77  and  900  K,  respectively,  and  the  energy  level  of  DX 
for  900  K  (being  still  positive  for  77  K). 


positively  and  negatively  charged  Si-ions.  We  estimated 
both  the  factors  by  self-consistent  calculations  of  the 
energy  levels  and  the  quasi-Fermi  energy  in  the  two- 
dimensional  potential  well  in  local-density  approxima¬ 
tion  as  functions  of  electron  temperature  (Fig.  3).  Then 
taking  the  energy  of  the  resonant  level  equal  to  280  meV 
we  found  that  with  increased  heating  more  electrons  in 
the  f-subbands  occupy  states  above  the  resonant  level, 
and  become  able  to  initiate  the  creation  of  the  DX“- 
centre.  The  strong  dependence  of  that  fraction  of 
electrons  on  donor  concentration  and  field  strength  is 
responsible  for  both  the  apparent  thresholds  (particula¬ 
rities  1  and  2).  Since  the  electron  temperature  at  the  high 
electric  fields  used  in  our  experiments  only  weakly 
depends  on  the  lattice  temperature,  particularity  5 
follows. 


4.  Conclusion 

We  state  that  DX  -centres  can  be  formed  in  planar- 
doped  GaAs  by  high  electric  fields  since  the  potential 
wells  are  significantly  deepened  by  carrier  heating. 
Furthermore,  the  weakened  screening  can  favour  a 
shift  of  the  Si-atom  from  the  lattice  site  towards  an 
interstitial  site. 
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Abstract 

Semi-insulating  GaAs  was  contaminated  by  Cu.  For  this  purpose,  a  thin  Cu  layer  (30 nm)  was  deposited  by 
evaporation.  The  diffusion  and  the  homogeneous  distribution  of  the  Cu  was  performed  during  an  annealing  step  at 
1100  C  under  defined  As  vapour  pressures.  The  samples  were  quenched  to  room  temperature?  During  a  subsequent 
isochronal  annealing  experiment,  vacancy  clusters  were  found  to  be  created,  grown,  and  finally  disappeared.  The 
number,  size,  and  distance  depend  on  the  annealing  temperature  and  quenching  speed.  Positron  lifetime  measurements 
show  that  the  clusters  contain  more  than  10  vacancies.  Moreover.  Doppler-coincidence  spectroscopy  shows  clearly  that 
the  clusters  are  surrounded  by  Cu  atoms.  The  association  of  Cu-rich  precipitates  and  voids  with  a  diameter  of  up  to 
50  nm  could  be  evidenced  by  analytical  transmission  electron  microscopy.  The  smaller  clusters  have  a  crystallographic 
shape,  while  larger  voids  are  spherical  with  a  Cu-rich  shell.  The  particles  are  frequently  bound  to  dislocations.  A 
possible  model  related  to  the  out-diffusion  of  copper  and  the  agglomeration  of  the  formed  vacancies  is  discussed. 
C  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Copper  is  one  of  the  most  common  unintentional 
impurities  in  semiconductors.  It  diffuses  rapidly  even  at 
low  temperatures  by  interstitial  diffusion  process  (the  so- 
called  kick-out  mechanism)  [1].  The  diffusion  coefficient 
in  GaAs  was  reported  to  be  as  high  as 
D  =  1.1  x  10°  enr  s  1  at  500  C  [2].  The  solubility  was 
found  also  to  be  rather  high  -2  x  10l6cm  3  at  500  C 
and  7  x  10lscm  3  at  1100  C  [2]. 

In  GaAs  copper  acts  as  a  double  acceptor,  being 
incorporated  at  a  substitutional  lattice  site  as  a  Cu(i;i. 
But  in  spite  of  high  solubility  only  a  small  fraction  of  the 
total  Cu  concentration  is  electrically  active  as  acceptor 
after  cooling  to  room  temperature.  The  major  part 
forms  Cu-Ga  precipitates  [3]. 
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In  an  earlier  work  [4]  it  was  shown  that  vacancy 
clusters  are  formed  during  the  post-annealing  of  the 
GaAs  contaminated  with  Cu  by  diffusion.  It  was 
assumed  that  the  copper  atoms  surround  these  clusters. 
The  present  paper  is  the  continuation  of  the  pre¬ 
vious  positron  annihilation  study  of  the  Cu  in-  and 
out-diffusion  in  GaAs.  The  presence  of  Cu  preci¬ 
pitates  vacancy  cluster  complexes  was  confirmed 
by  transmission  electron  microscopy  (TEM)  and 
Doppler  coincidence  spectroscopy.  We  will  show  also 
that  Cu  out-diffusion  depends  on  the  in-diffusion 
conditions,  in  particular  on  the  arsenic  pressure  during 
Cu  diffusion. 


2.  Experimental  details 

Undoped  semi-insulating  GaAs  samples  of  thickness 
0.4  mm  were  covered  by  30  nm  Cu  by  evaporating  it 
under  UHV  conditions.  This  corresponds  to  a  volume 
concentration  of  6  x  10lscm  3  which  is  approximately 
the  upper  solubility  limit  of  Cu  in  GaAs.  The  thickness 
of  the  deposited  layer  was  controlled  by  a  thickness 
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Fig.  1.  Average  positron  lifetime  as  a  function  of  sample 
temperature  in  undoped  GaAs.  Prior  to  the  experiment,  about 
6  x  10lscm-3  Cu  atoms  were  introduced  by  evaporating  30 nm 
Cu  to  the  sample  surface  and  by  a  subsequent  annealing  at 
1100°C  under  2.62  bar  of  As  pressure  (3h,  quenched  into 
water).  The  lifetime  experiment  was  performed  after  each 
annealing  step  as  indicated  in  the  figure. 


measurement  device  (frequency  shift  of  a  crystal 
oscillator).  After  Cu  deposition  at  one  surface,  the 
samples  were  annealed  in  a  two-zone  furnace  at  1 100°C 
(sample  temperature)  under  different  arsenic  pressure 
(0.2-10  bar)  for  3h  corresponding  to  a  Cu  diffusion 
length  of  about  1.5  cm.  After  annealing,  the  samples 
were  quenched  in  the  quartz  ampoules  into  water  at 
room  temperature.  The  samples  were  measured  in  the 
as-quenched  state  by  Hall  effect  and  thermoprobe 
measurements.  Thereafter,  the  samples  were  isochron- 
ally  annealed  in  the  temperature  range  up  to  900  K.  The 
samples  were  cooled  down  slowly  after  each  annealing 
step.  After  each  annealing  step  positron  annihilation 
lifetime,  Doppler-broadening  spectroscopy,  and  Hall- 
effect  measurements  were  performed.  The  resolution  of 
the  spectrometers  was  240  ps  and  1.4keV,  respectively. 
The  GaAs  crystals  were  oriented  with  their  (1  10)  axis 
towards  the  Ge  detector.  The  samples  were  investigated 
with  TEM  and  energy  dispersive  X-ray  spectroscopy 
(EDX). 


annealing  temperature  (K) 


Fig.  2.  Positron  lifetime  results  of  the  annealing  experiments  of 
undoped  semi-insulating  GaAs  sample  after  in-diffusion  of 
6  x  10 18  cm-3  Cu  atoms  at  the  2.62  bar  As  vapour  pressure:  (a) 
average  positron  lifetime,  (b)  defect-related  lifetime.  The  spectra 
were  measured  at  466  K.  (c)  Hall-effect  measurements  after  each 
annealing  step. 


3.  Results  and  discussion 

Our  semi-insulating  undoped  GaAs  sample  did  not 
show  any  positron  trapping.  After  Cu  in-diffusion  a 
small  increase  in  the  average  positron  lifetime  in  the 
high-temperature  region  was  observed.  In  Fig.  1  the 
temperature-dependent  measurements  of  the  average 
positron  lifetime  after  different  annealing  steps  are 
shown.  All  the  curves  demonstrate  a  strong  decrease  of 
the  average  lifetime  at  low  temperatures.  This  is  a  typical 
dependence  for  shallow  positron  traps,  which  tend  to 
trap  positrons  in  the  extended  region  of  the  Coloumbic 
potential,  reflecting  thereby  the  properties  of  the  bulk 
[5].  At  high  temperatures,  the  existence  of  shallow  traps 
can  be  neglected  due  to  the  high  detrapping  rate.  In  the 
case  of  copper  in-diffusion  these  traps  must  be  the  Cu 
acceptors,  whose  concentration  is  up  to  3  x  1017cm  3 
according  to  the  Hall-effect  measurements  (Fig.  2c). 

During  the  first  annealing  steps,  average  positron 
lifetime  increases  significantly  up  to  the  value  of  273  ps, 
indicating  the  presence  of  vacancy-type  defects.  With  a 
further  increase  of  the  annealing  temperature  we 
observed  a  rapid  decrease  of  the  average  positron 
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Fig.  3.  High  momentum  part  of  the  positron  annihilation 
momentum  distribution,  normalized  by  taking  the  ratio  to 
GaAsiZn  reference  values.  In  the  upper  part  the  spectrum  for 
pure  copper  is  shown,  lower  part  represents  spectra  for 
GaAsrSi.  GaAsiCu  after  quenching  from  the  diffusion 
temperature  and  after  post-annealing  at  500  K. 


lifetime.  This  annealing  behaviour  of  the  average  and 
defect-related  lifetime  is  presented  in  Fig.  2a  and  b.  It 
can  be  seen  that  the  open  volume  of  the  detected  objects 
increases  during  annealing.  The  defect-related  lifetime  is 
much  higher  than  that  for  monovacancy  (250-260  ps)  [5] 
and  may  only  be  explained  by  positron  trapping  at  large 
microvoids.  The  value  of  480  ps  corresponds  to  the 
clusters,  which  contain  more  than  10  vacancies.  It  was 
assumed  that  these  clusters  are  decorated  by  Cu 
precipitates  [4].  However,  this  cannot  be  concluded 
from  positron  lifetime  results  alone. 

Fig.  3  shows  the  high  momentum  part  of  the  positron 
annihilation  momentum  distribution,  normalised  to  the 
GaAs :  Zn  reference.  The  upper  part  presents  the  curve 
for  pure  Cu,  the  lower  contains  three  curves:  one  for 
Sioa-Vca  complex,  corresponding  to  the  Ga  monova¬ 
cancy,  and  the  other  two  for  GaAs  contaminated  with 
Cu  in  as-quenched  state  and  after  annealing  at  500  K.  It 
is  obvious  that  the  shape  of  GaAs:Cu  momentum 
distribution  is  very  similar  to  the  one  for  pure  Cu.  This 
means  that  copper  atoms  surround  the  observed 
positron  trapping  centres. 

The  presence  of  such  vacancy  cluster-Cu  precipitate 
complexes  was  found  also  by  TEM  performed  together 
with  the  EDX  measurements  in  all  the  samples  after  Cu 
in-diffusion  and  after  further  annealing.  The  results  are 
presented  in  Fig.  4.  One  can  see  large  vacancy  clusters 
(light  spot  on  the  picture)  surrounded  by  copper  atoms 
and  neighboured  by  a  copper  precipitate.  These  clusters 


Fig.  4.  (a)  EDX  scan  measurements  of  the  vacancy  cluster-Cu 
precipitate  complex  in  GaAs  formed  after  Cu  in-diffusion,  (b) 
Transmission  electron  microscope  image  of  this  complex.  The 
line  on  the  picture  indicates  the  scanned  position  of  the  EDX 
measurements. 


annealing  temperature  (K) 

Fig.  5.  Average  positron  lifetime  vs.  annealing  temperature  for 
samples  contaminated  with  Cu  at  different  As  vapour  pressure 
(pressure  is  indicated).  The  measurements  were  performed  at 
466 K.  Also  the  data  for  undoped  SI-GaAs  without  Cu 
contamination  are  presented  for  comparison. 

were  observed  for  all  samples  after  copper  in-diffusion 
and  after  each  annealing  step.  However,  the  distance 
between  them  is  much  higher  than  the  mean  positron 
diffusion  length,  so  they  should  be  invisible  for  positron 
annihilation.  The  large  voids  were  earlier  also  found  in 
GaAs  after  Zn  in-diffusion  [6]. 
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Thus,  we  have  two  types  of  cluster-copper  complexes: 
the  relatively  small  number  of  large  clusters  after  in¬ 
diffusion  of  copper,  and  the  large  number  of  smaller 
clusters  after  the  applied  annealing  procedure,  that  are 
formed  during  out-diffusion  of  copper  atoms.  That 
means  that  CuGa  atoms  dissolved  during  the  annealing 
begin  to  leave  their  sites  and  form  precipitates  which  are 
connected  with  vacancy  clusters.  This  out-diffusion 
process  can  be  seen  clearly  in  Fig.  2c  where  the 
minimum  of  the  hole  concentration  corresponds  to 
the  maximum  of  the  defect-related  lifetime,  i.e.  to  the 
maximum  size  of  the  vacancy  clusters.  The  origin  of 
these  clusters  is  easy  to  understand  taking  into  account 
that  the  atomic  density  of  GaAs  (4.43  x  1022arC3)  is 
two  times  smaller  than  the  atomic  density  of  Cu 
(8.48  x  1022cm-3).  Therefore,  when  Cu  leaves  the  Ga 
sublattice  and  forms  precipitates  some  open-volume 
defects  must  be  formed.  In  the  first  place  these  are  Ga 
vacancies.  But  according  to  the  large  defect  lifetime, 
vacancies  in  both  sublattices  must  be  involved.  That 
means  that  As  atoms  must  go  into  the  interstitial 
region.  If  it  is  so  this  process  should  be  dependent  on 
the  quantity  of  the  excess  As  in  GaAs,  i.e.  on  the 
stoichiometry.  This  was  indeed  observed. 

Fig.  5  shows  the  results  of  the  same  annealing 
experiments  for  the  samples  that  were  contaminated 
with  Cu  at  different  As  pressures  (0.2-10  bar).  The  lower 
the  As  pressure  during  in-diffusion  is  (As  deficiency),  the 
easier  the  arsenic  goes  into  the  interstitial  region,  and  the 
more  remarkable  is  the  process  of  voids  formation  (the 
maximum  of  the  average  positron  lifetime  is  higher). 

After  annealing  at  850  K  the  vacancy  signal  for  all  of 
the  samples  disappears.  It  is  possible  that  the  small 
vacancy  clusters  are  dissolved  at  this  temperature.  But  in 
this  case  the  hole  concentration  should  have  a  sharp 
increase  at  this  temperature.  That  was  not  observed 
(Fig.  2c).  Another  probable  reason  is  that  small  clusters 
combine  with  each  other  forming  large  voids  with  the 
distance  between  them  being  much  longer  than  the  mean 
positron  diffusion  length  and  thus  become  invisible  for 
positron  annihilation. 

4.  Conclusion 

Positron  annihilation  together  with  electron  micro¬ 
scopy  and  electrical  measurements  was  used  to  study 


undoped  semi-insulating  GaAs  after  Cu  in-diffusion  and 
during  Cu  out-diffusion.  To  summarize  our  experimen¬ 
tal  finding  we  can  state  the  following: 

•  large  vacancy  clusters  surrounded  by  Cu  atoms  and 
neighboured  by  Cu  precipitates  are  formed  during 
Cu  in-diffusion  and  cooling;  almost  no  positron 
trapping  is  found  after  quenching  from  diffusion 
temperature, 

•  during  annealing,  vacancy  clusters  decorated  with  Cu 
atoms  are  formed  and  grow  up  to  a  size  more  than  10 
vacancies  with  increasing  annealing  temperature, 

•  according  to  the  Hall-effect  measurements  the 
process  of  formation  of  these  clusters  relates  to  the 
Cu  out-diffusion, 

•  as  far  as  the  vacancies  in  both  sublattices  must  be 
involved  the  creation  of  the  open-volume  defects 
should  be  dependent  on  the  stoichiometry  of  the 
GaAs  system.  A  smaller  quantity  of  excess  As  should 
support  the  formation  of  vacancy  cluster,  i.e.  it  is 
more  simple  for  As  atoms  to  go  into  interstitial 
region, 

•  with  annealing  at  temperatures  higher  than  850  K  the 
vacancy  clusters  grow  and  the  distance  between 
them  becomes  larger  than  the  diffusion  length  of 
they  positron:  they  become  invisible  for  positron 
annihilation. 
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Abstract 

Photoluminescence  (PL)  properties  of  GaAs  doped  with  Dy  by  organometallic  vapor  phase  epitaxy  (OMVPE)  have 
been  investigated.  In  measurements  at  4.2 K,  characteristic  luminescence  has  been  successfully  observed  at  around  LI, 
1.3,  1.7  and  2.8  pm.  which  is  assigned  to  the  intra-4f  shell  transition  of  Dy3  !  ions.  The  Dy-related  PL  intensity  depends 
strongly  on  growth  temperature,  though  the  spectrum  is  almost  invariant.  The  intensity  decreases  with  increasing 
growth  temperature,  while  the  Dy  concentration  remains  almost  constant  against  the  growth  temperature.  This 
indicates  that  the  formation  of  optically  active  atom  configurations  around  Dy  ions  is  suppressed  at  higher  growth 
temperatures.  Furthermore,  new  Dy-related  emission  lines  appear  in  the  Dy-doped  GaAs  with  Er.  £.  2001  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

There  has  been  a  strong  interest  in  rare-earth  (RE) 
doped  semiconductors  because  of  their  potential  to 
combine  sharp  RE  luminescence  with  the  convenience  of 
electrical  excitation  via  the  semiconductor  host.  One 
important  feature  of  RE  luminescence  is  that  the 
emission  wavelength  is  largely  independent  on  both  the 
host  material  and  temperature,  because  the  filled  outer 
5s  and  5p  electron  shells  screen  the  inner  4f  electrons 
from  interaction  with  the  host.  Er-doped  semiconduc¬ 
tors  have  been  of  particular  interest.  The  intra-4f  shell 
transition  from  the  first  excited  state  (4I  i  ^  2)  to  the 
ground  state  (4Ii5  2)  of  Er3  4  ions  results  in  emission  at 
1.5  pm.  The  wavelength  of  1.5  pm  lies  in  the  range  of 
minimum  transmission  loss  in  silica-based  fibers. 

We  have  intensively  investigated  Er-doped  III-V 
semiconductors  by  organometallic  vapor  phase  epitaxy 
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(OMVPE).  In  Er-doped  InP,  it  has  been  found  that  there 
is  a  threshold  growth  temperature  between  55CTC  and 
580  C  for  Er  incorporation  into  InP.  The  majority  of  Er 
atoms  substitute  In  sublattice  in  the  lower-temperature 
grown  InP,  exhibiting  high  luminescence  efficiency  [1,2]. 
In  Er,  O-codoped  GaAs,  the  Er- related  PL  spectrum 
was  dominated  by  seven  emission  lines  under  host- 
excited  conditions  at  a  low  temperature  [3,4].  The  Er 
center  has  been  identified  as  an  Er  atom  located  at 
the  Ga  sublattice  with  two  adjacent  O  atoms  (hereafter 
referred  as  Er-20)  [4].  The  dependence  of  the  Er-related 
PL  spectra  on  the  growth  temperature  also  revealed  the 
existence  of  a  threshold  growth  temperature  (543— 
585  C)  [5].  Above  the  threshold  growth  temperature, 
the  formation  of  the  Er-20  center  was  suppressed 
greatly.  Er-doped  GaP  produced  several  new  emission 
lines  by  the  addition  of  CL  to  the  growth  ambient.  Some 
of  them  were  quite  similar  to  those  due  to  an  Er-20 
center  in  Er,  O-codoped  GaAs,  indicating  that  a  similar 
atom  configuration  with  two  O  atoms  is  successfully 
formed  around  Er  ions  in  GaP  [6]. 

Now  we  have  paid  particular  attention  to  Dy  among 
RE  elements  because  it  can  potentially  exhibit  1.3  and 
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2.8  pm  emissions  [7].  The  wavelengths  are  technologi¬ 
cally  important  for  communication  and  medical  appli¬ 
cations,  respectively.  The  other  interesting  viewpoint  is 
that  Dy  is  a  well-known  magnetic  element.  Dy  ions 
doped  in  semiconductors  have  a  feasibility  to  introduce 
the  new  degree  of  freedom  induced  by  the  interaction 
among  carriers  and  the  magnetic  ions  into  semiconduc¬ 
tor  electronics.  Recently,  we  described  the  first  results  on 
OMVPE  growth  of  Dy-doped  GaAs  and  observation  of 
Dy-related  luminescence  in  the  infrared  region  [8]. 
However,  the  Er-related  luminescence  was  also  observed 
in  the  samples  which  originated  from  Er  ions  doped 
unintentionally  by  the  contamination  of  the  OMYPE 
growth  system. 

In  this  article,  we  report  mainly  on  the  Dy-related 
luminescence  in  Er-free  Dy-doped  GaAs  and  its  depen¬ 
dence  on  the  growth  temperature. 


2.  Experimental 

A  low-pressure  growth  system  with  a  vertical  quartz 
reactor  was  utilized  in  this  work  [9].  TEGa  and  TBAs 
were  used  as  source  materials  for  GaAs  growth.  Dy 
was  doped  with  trismethylcyclopentadienyldysprosium 
(Dy(CH3C5H4)3,  Dy(MeCp)3).  The  Dy  source  was 
maintained  mainly  at  a  constant  temperature  of  100°C 
and  introduced  into  the  reactor  by  an  H2  flow  through  a 
source  cylinder.  The  growth  temperature  was  in  the 
range  of  530-61 0°C.  The  substrates  for  the  growth  were 
undoped  or  Si-doped  (00  l)-oriented  GaAs. 

PL  measurements  were  carried  out  mainly  with  the 
samples  directly  immersed  in  liquid  He  at  4.2  K.  The 
photoexcitation  source  was  a  cw  mode  Ar+  laser  with  a 
beam  diameter  of  1  mm  and  an  incident  power  of 
200  mW.  The  luminescence  of  the  samples  was  dispersed 
using  0.91  m  grating  monochromator  and  detected  with 
a  liquid  nitrogen-cooled  Ge  pin  using  a  chopper  and  a 
lock-in  amplifier. 


3.  Results  and  discussion 

3.1.  Dy-doped  GaAs 

Specular  surface  was  successfully  obtained  in  all 
Dy-doped  GaAs  grown  in  this  work. 

In-depth  profiles  of  Dy  concentration  in  GaAs 
layers  were  characterized  by  SIMS  measurements.  The 
measurements  were  performed  using  Cs+  and  0+  as 
primary  ions,  accelerated  at  6kV,  respectively.  Dy 
concentration  in  the  layers  was  evaluated  in  comparison 
with  the  ion  intensity  of  Dy164,  which  was  calibrated 
using  GaAs  implanted  at  180keV  with  a  Dy  dosage  of 
5  x  1014cm-2. 


The  resultant  profiles  exhibited  a  uniform  Dy  distri¬ 
bution  along  the  growth  direction  in  all  the  layers.  Dy 
concentration  in  the  layers  was  obtained  in  the  range  of 
1017-1019cm“3,  which  was  well  controlled  and  increases 
with  the  H2  flow  rate  through  a  Dy  source  cylinder  and 
the  cylinder  temperature.  The  Dy  concentration  was 
almost  independent  of  the  growth  temperature. 

3.2.  Dy-related  luminescence  in  GaAs 

In  PL  measurements  at  4.2  K,  characteristic  lumines¬ 
cence  was  observed  at  around  1.1,  1.3, 1.7  and  2.8  pm.  In 
comparison  of  results  on  Dy-doped  oxides  and  fluorides 
[7],  the  luminescence  can  be  assigned  to  intra-4f  shell 
transitions  between  the  Dy3+  states  split  by  the  spin- 
orbit  interaction;  (6H7/2,  6F9/2->6HI5/2),  (6H9/2,  6Fn/2-> 
6Hi5/2),  (6Hi  i/2->6Hi5/2)  and  (6Hi3/2->-6Hi5/2)  in  order 
from  the  shorter  wavelength  side,  respectively. 

3.3.  Growth  temperature  dependence  of  Dy-related 
luminescence 

The  Dy-related  PL  intensity  depended  strongly  on  the 
growth  temperature,  though  the  spectrum  was  almost 
invariant.  Figs.  1-3  show  the  growth  temperature 
dependence  of  Dy-related  PL  spectra  around  1.1,  1.3 
and  1.7  pm  in  Dy-doped  GaAs.  The  intensity  decreases 
with  increasing  growth  temperature.  SIMS  measure¬ 
ments  revealed  that  the  Dy  concentration  is  in  the  range 
of  1017cm-3  and  remains  almost  constant  against  the 
growth  temperature.  This  indicates  that  the  formation  of 
optically  active  atom  configurations  around  Dy  ions 
is  suppressed  at  higher  growth  temperatures.  Similar 


WAVELENGTH  (nm) 


Fig.  1.  Growth  temperature  dependence  of  the  1.1pm  PL 
spectra  in  Dy-doped  GaAs.  The  PL  intensity  decreases  with 
increasing  growth  temperature,  while  the  spectrum  is  almost 
invariant. 
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Fig.  2.  Growth  temperature  dependence  of  the  1.3  pm  PL 
spectra  in  Dy-doped  GaAs.  The  behavior  is  quite  similar  to 
that  of  the  1.1  pm  luminescence. 
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Fig.  3.  Growth  temperature  dependence  of  the  1.7  pm  PL 
spectra  in  Dy-doped  GaAs.  The  reduction  in  PL  intensity 
against  the  increase  in  growth  temperature  is  much  larger  than 
those  of  the  1.1  and  1.3  pm  luminescence.  This  indicates  that  the 
1.7  pm  luminescence  originates  from  a  center  different  from  a 
center  for  the  1.1  and  1.3  pm  luminescence. 


behavior  was  previously  reported  in  Er-doped  InP  and 
GaAs  [1,5]. 

The  reduction  ratio  of  the  PL  intensity  against  the 
increase  in  growth  temperature  is  different  for  the  three 
luminescence  and  it  is  classified  into  two  groups.  For  the 
1.1  and  1.3  pm  luminescence,  the  reduction  is  quite 
moderate  and  their  intensities  are  proportional  each 
other.  For  the  1.7  pm  luminescence,  on  the  other  hand, 
the  intensity  decreases  steeper  with  increasing  growth 
temperature.  These  observations  suggest  that  the  1.7  pm 
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Fig.  4.  Comparison  of  the  1.7  pm  PL  spectra  in  Er-frce  and  Er- 
contaminatcd  Dy-doped  GaAs.  Dy  and  Er  concentrations  are 
in  the  range  of  10l7cm  \  New  emission  lines  appear  in  the 
sample  with  Er,  indicating  the  formation  of  Dy  Er  centers. 

luminescence  originates  from  a  Dy  center  different  from 
that  for  the  1.1  and  1.3  pm  luminescence. 

3.4.  Dy -related  luminescence  in  Dy-doped  GaAs  with  Er 

In  comparison  of  PL  spectra  in  Er-free  and  Er- 
contaminated  Dy-doped  GaAs,  we  have  observed 
several  new  emission  lines  in  the  sample  with  Er.  Fig.  4 
shows  the  result  for  the  1.7  pm  luminescence.  New 
emission  lines  appear  clearly  in  the  sample  with  Er, 
which  are  shown  by  arrows,  reflecting  the  formation  of 
Dy-Er  centers. 

The  appearance  of  the  Dy-Er  emission  lines  indicates 
the  existence  of  Dy  ions  with  Er  at  least  in  the  second- 
nearest  neighborhood.  Dy  and  Er  concentrations  are. 
however,  in  the  range  of  10l7cm~3  in  the  sample  u'ith 
Er.  Therefore,  the  formation  of  Dy-Er  centers  in  spite  of 
such  low  concentrations  suggests  strongly  the  presence 
of  attractive  interaction  between  Dy  and  Er  ions  in 
GaAs. 


4.  Conclusions 

We  have  investigated  luminescence  properties  of  Dy- 
doped  GaAs  grown  by  OMVPE.  SIMS  measurements 
revealed  a  uniform  Dy  distribution  along  the  growth 
direction.  Dy  concentration  in  the  layers  was  obtained  in 
the  range  of  10l7-10iycm  3,  which  was  well  controlled 
and  increased  with  the  Hn  flow  rate  through  a  Dy  source 
cylinder  and  the  cylinder  temperature.  The  Dy  con¬ 
centration  was  almost  independent  of  the  growth 
temperature.  In  PL  measurements  at  4.2  K,  character¬ 
istic  luminescence  was  observed  successfully  at  around 
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1.1,  1.3,  1.7  and  2.8  pm.  The  luminescence  was  assigned 
to  intra-4f  shell  transitions  between  the  Dy3  +  states  split 
by  the  spin-orbit  interaction;  (6H7/2,  6F9/2->6Hi5/2), 
(6H9/2,  6Fh/2-»6HI5/2),  (6H11/2-+6Hi5/2)  and  (6Hi3/2-» 
6H15/2)  in  order  from  the  shorter  wavelength  side, 
respectively.  The  Dy-related  PL  intensity  depended 
strongly  on  the  growth  temperature,  though  the 
spectrum  was  almost  invariant.  The  intensity  decreased 
with  increasing  growth  temperature,  while  the  Dy 
concentration  remained  almost  constant  against  the 
growth  temperature.  This  indicates  that  formation  of 
optically  active  atom  configurations  around  Dy  ions  is 
suppressed  at  higher  growth  temperatures.  The  reduc¬ 
tion  ratio  of  the  PL  intensity  against  the  increase  in 
growth  temperature  was  classified  into  two  groups,  1.1 
and  1.3  pm  luminescence,  and  1.7  pm  luminescence.  It 
suggests  that  the  1.7  pm  luminescence  originates  from  a 
Dy  center  different  from  that  for  the  1.1  pm  and  1.3  pm 
luminescence.  Furthermore,  new  Dy-related  emission 
lines  appeared  in  Dy-doped  GaAs  with  Er,  reflecting  the 
formation  of  Dy-Er  centers. 
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Abstract 

Cu  diffusion  into  semi-insulating  GaAs  was  performed  at  1 1 50  C.  The  PICTS  spectra  of  the  diffused  GaAs  show 
several  Cu-related  peaks.  The  height  of  the  characteristic  low-temperature  peak  (CuA,  T^  150K)  is  proportional  to  the 
total  Cu  concentration  determined  by  AES.  The  appearance  and  the  peak  heights  of  further  Cu-related  peaks  in  the 
spectra  are  obviously  a  function  of  the  Cu  concentration,  (r.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaAs;  PICTS;  Copper;  Diffusion 


1.  Introduction 

It  is  well  known  that  Copper  is  a  very  quickly 
diffusing  impurity  in  semiconductors.  However,  in  most 
cases  it  is  undesired.  because  Cu  forms  deep  levels,  e.g. 
in  Si  and  GaAs. 

Using  both  TDH  (temperature  dependent  Hall  effect) 
[1,2]  and  DLTS  (deep  level  transient  spectroscopy)  [2,3] 
measurements  in  p-type  Cu-diffused  GaAs  two  Cu- 
related  acceptor  levels  and  hole  traps,  respectively,  were 
detected:  CuA  with  an  activation  energy  of  0. 15-0.1 7  eV 
and  CuB  with  0.44-0.49  eV. 

By  DLTS  measurements  on  n-type  Cu-diffused  GaAs 
a  drastic  reduction  of  the  intrinsic  defects  EL2  and  EL6 
enhancing  with  increasing  diffusion  temperature 
500-650  C  w'as  found  [4]. 

For  the  detection  of  Cu-related  levels  in  semi- 
insulating  (SI)  GaAs,  photo-induced  current  transient 
spectroscopy  (PICTS)  [5]  and  thermally  stimulated 
currents  (TSC)  [6,7]  were  used.  Also,  in  this  case  two 
Cu-related  levels  with  activation  energies  of  0.14-0.20 
and  0.40-43  eV,  respectively,  were  observed.  Addition¬ 
ally,  a  level  with  0.51  -0.52  eV  has  been  found.  However, 
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there  are  some  discrepancies  in  the  results  concerning  Cu 
in  GaAs.  Thus,  for  instance,  no  clear  dependence  of  the 
heights  of  the  Cu-related  peaks  in  the  spectra  on  the 
concentration  of  the  in-diffused  Cu  w'as  observed  [5]. 

The  aim  of  this  work  was  to  investigate  Cu-diffused  SI 
GaAs  by  PICTS  and  to  correlate  the  dependence  of 
measured  spectra  on  the  copper  concentration  decreas¬ 
ing  w'ith  the  depth  below'  the  Cu-covered  surface. 


2.  Experimental 

Starting  material  for  the  diffusion  experiment 
was  a  cylindrical  block  of  undoped  LEC  SI  GaAs 
(p  —  5  x  107Ocm)  with  a  diameter  of  25  mm  and  a 
length  of  56  mm.  Cu  was  deposited  on  one  front  of  the 
block  by  evaporation  of  few  droplets  of  a  CuCL  solution 
([C,u]surracc»3  x  10,7cnr)  to  give  a  low'  concentration. 
After  diffusion  at  1150  C  (20  h).  the  block  was  cut  into 
44  wafers  of  1  mm  thickness  parallel  to  the  Cu-coated 
surface.  Cu  concentrations  w^ere  determined  by  atom 
emission  spectroscopy  (AES).  Electrical  properties  were 
obtained  by  conductivity  and  Hall  effect  measurements. 
Samples  of  dimensions  6  x  3  x  0.6  mm3  with  Sn  contacts 
alloyed  at  400  C  were  used  for  the  PICTS  measure¬ 
ments.  Optical  excitation  was  made  with  a  LED 
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Fig.  1.  Normalized  PICTS  spectra  (initial  delay  t \  =  14  ms)  of 
Cu-diffused  SI  GaAs.  The  samples  were  prepared  from  different 
depths  below  the  Cu-covered  surface. 


(X  =  950  nm,  tp  =  40  ms).  The  current  transients  were 
evaluated  using  window  technique  with  a  constant  ratio 
t2/t\  =  2.1  varying  t\  between  0.28  and  140  ms.  For  the 
determination  of  relative  concentrations,  the  PICTS 
signal  /pids  was  normalized  with  the  infrared  photo- 
current  7ph  at  the  same  photon  flux. 


3.  Results 

An  influence  of  the  Cu  diffusion  on  the  electrical 
properties  of  the  GaAs  block  was  detected  to  a  depth  of 
about  10  mm  below  the  Cu-deposited  surface.  The 
uppermost  samples  (near  to  the  surface)  were  high- 
resistivity  p-type  and  the  following  were  n-type  and  had 
resistivities  decreasing  from  7x  108Qcm  down  to  the 
starting  level  of  5  x  107Qcm. 

Fig.  1  shows  normalized  PICTS  spectra  of  five  SI 
samples  (No.  4-8)  from  the  diffusion  region.  Addition¬ 
ally,  spectra  of  a  sample  (25)  from  the  middle  of  the 
block  as  well  as  of  a  sample  (44)  from  the  surface 
opposite  to  the  Cu-deposited  one  are  given. 

In  samples  25  and  44,  characteristic  peaks  (B,  D) 
appear  at  about  160  and  250  K  (at  t\  =  14  ms)  which  can 
be  attributed  to  the  electron  traps  EL6  and  EL3  (DLTS 
signature)  [8]. 

The  PICTS  spectra  of  the  SI  samples  4-8  show  clear 
changes  due  to  the  Cu  diffusion  and  a  pronounced  depth 
dependence.  Peak  A  with  the  lowest  maximum  tempera¬ 
ture  (130  K  at  =  14  ms)  decreases  monotonously  with 
the  distance  of  the  sample  from  the  Cu  surface  (Fig.  2). 
Sample  25  was  obviously  not  influenced  by  the  Cu 
diffusion  because  peak  A  is  absent.  However,  in  sample 
44  from  the  opposite  surface  the  peak  appears  with  a 
small  height.  According  to  its  maximum  temperature, 
the  130K  peak  should  correspond  to  the  Cua  level 
reported  by  other  authors.  However,  the  Arrhenius  plot 
\nT2/e  versus  \/T  yields  for  the  activation  energy  of 
this  peak  in  different  samples  values  between  0.27  and 


Temperature  /  K 


Fig.  2.  Low-temperature  part  of  the  PICTS  spectra  of  Fig.  1 
including  the  Cu-related  peak  A  and  peak  B  (EL6). 


Temperature  /  K 

Fig.  3.  High- temperature  part  of  the  PICTS  spectra  of  Fig.  1 
including  the  Cu-related  shoulder  C,  the  Cu-related  peaks  E-H 
as  well  as  peak  D  (EL3). 


0.30  eV  which  are  clearly  higher  than  the  values  given  by 
other  authors  for  Cua- 

As  the  next  deeper  Cu-related  level  (shoulder  C) 
with  a  characteristic  temperature  of  215  K  (?i  =  14  ms) 
appears  which  shows  a  likewise  clear  depth  correlation 
as  the  130  K  peak  (Fig.  3). 

The  normalized  PICTS  peak  height  /picts //Ph  is 
under  certain  conditions  proportional  to  the  concentra¬ 
tion  of  the  corresponding  trap.  However,  the  determina¬ 
tion  of  absolute  trap  concentrations  by  PICTS  is  only 
conditionally  possible.  By  plotting  /picTs/^h  of  peak  A 
and  of  shoulder  C  versus  the  total  Cu  concentration 
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Fig.  4.  Normalized  peak  heights  of  peaks  A  and  C  versus  Cu 
concentration  determined  by  atom  emission  spectroscopy. 


determined  by  AES  (Fig.  4),  a  linear  dependence  results 
for  peak  A  and  a  relation  /pi<T$//Ph  ~[Cu]°-5  for 
shoulder  C.  From  the  former  dependence  the  limit  for 
the  detection  of  Cu  via  the  130K  peak  can  be  estimated 
to  about  2  x  10,4cm“ 3  under  these  conditions. 

Further  Cu-related  peaks  (E-H)  appear  in  the  PICTS 
spectra  which  obviously  depend  on  the  Cu  concentra¬ 
tion.  At  moderate  Cu  concentrations  (samples  6-8) 
peaks  F  and  H  at  about  300-310  and  355-365 K, 
respectively,  were  observed  (Fig.  3).  The  Arrhenius  plot 
yielded  activation  energies  of  0.87  +  0.02  and  0.9  +  0. 1  eV 
for  F  and  H,  respectively.  In  samples  4  and  5,  near  to  the 
surface  two  other  peaks  (E  and  G)  occur  at  about  255 
and  320  K.  partly  much  higher  than  the  130K  peak 
(Fig.  I).  Their  activation  energies  were  determined  to  be 
0.64  +  0.01  and  0.8  +  0.1  eV,  respectively. 

Concerning  peak  B  (EL6)  with  the  maximum  tem¬ 
perature  between  155  and  163K  it  can  be  stated  that 
it  is  only  moderately  influenced  by  the  Cu  diffusion  at 
1 1 50  °C. 


4.  Discussion 

In  the  Cu-difTused  SI-GaAs  samples,  a  clear  correla¬ 
tion  of  the  normalized  peak  height  of  the  low- 
temperature  peak  A  in  the  PICTS  spectrum  with  the 
total  Cu  concentration  determined  by  AES  was  found. 
Also,  the  shoulder  C  at  about  215  K  increases  clearly 
with  increasing  Cu  concentration.  From  this  correla¬ 
tion,  it  can  be  deduced  that  PICTS  allows  a  sensitive 
detection  of  Cu  in  GaAs  as  residual  impurity  arising, 
e.g.  from  Cu  contamination  by  annealing  or  by  other 
device  processing  techniques.  The  detection  limit  for 
Cu  (%2x  10,4cm~3)  estimated  from  the  plot  of  the 


normalized  peak  heights,  /picts //ph,  of  CuA  versus 
[Cu]AF:S  corresponds  to  the  total  Cu  concentration. 
However,  the  detection  limit  of  the  CuA  level  itself  is 
clearly  lower  due  to  the  existence  of  further  Cu  related 
levels. 

Leon  et  al.  [2]  concluded  from  the  comparison  of 
the  CuA  concentration  taken  from  the  hole  concentration 
of  p-type  Cu-difTused  GaAs  samples,  determined 
by  Hall  effect  at  300  K.  with  the  total  Cu  concentrat¬ 
ion  obtained  by  SIMS  (secondary  ion  mass  spectro¬ 
metry)  that  only  a  small  percentage  of  Cu  was  electrically 
active.  However,  this  conclusion  is  doubtful  because  on 
the  one  hand,  the  hole  concentration  at  300  K  in  Cu- 
dominated  GaAs  samples  is  not  identical  with  N\  and  on 
the  other  hand,  further  Cu  levels  exist  beside  CuA. 

The  Arrhenius  plot  for  the  CuA  peak  deviates  clearly 
from  a  straight  line  what  can  be  caused,  e.g.  by  a  non¬ 
exponential  transient  and/or  by  the  contribution  of 
more  than  one  levels  to  the  analysed  peak.  This  yields  a 
reference  to  the  difference  between  the  activation 
energies  obtained  in  this  work  (0.27-0.30 eV)  and  those 
obtained  by  other  authors  (0. 14-0.20  eV). 

Further  four  Cu  related  peaks  appear  in  the  PICTS 
spectra,  but  their  occurrence  depends  on  the  Cu 
concentration. 

Concerning  the  interaction  of  Cu  with  intrinsic  defects 
present  in  the  starting  material  only  a  weak  lowering  of 
the  EL6  peak  was  observed  at  [Cu]>5  x  10,5cm~3.  A 
similar  behaviour  shows  the  EL2  defect.  This  finding  is 
in  contradiction  to  the  result  of  Yang  et  al.  [4] 
mentioned  above  that  the  concentrations  of  EL6  and 
EL2  are  drastically  reduced  after  diffusion  at  500-65CFC. 
This  discrepancy  we  attribute  mainly  to  the  different 
conditions  (temperature,  time,  As  vapour  pressure)  used 
for  Cu  diffusion  by  the  authors  and  by  Yang  et  al., 
respectively,  because  the  interaction  of  Cu  with  the 
intrinsic  defects  in  GaAs  is  obviously  a  function  of 
temperature  and  thermal  history. 

Summarizing,  it  can  be  stated  that  there  is  a  clear 
correlation  between  several  peaks  of  PICTS  spectra  of 
Cu-difTused  SI  GaAs  and  the  concentration  of  the 
in-diffused  Cu. 

However,  there  exist  still  obscurities  concerning  the 
variety  of  Cu-related  levels  and  the  interaction  of  Cu 
with  intrinsic  defects  in  GaAs.  We  believe  that  they  are 
partly  caused  by  different  temperatures  and  Cu  con¬ 
centration  used  in  the  diffusion  (or  annealing)  experi¬ 
ments.  Therefore,  further  work  is  necessary  to  clear  up 
these  discrepancies. 
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Abstract 

Si-doped  GaAs  layers  were  grown  p-type  at  700X  and  n-type  at  840  C  by  liquid  phase  epitaxy.  Thermal  annealing 
of  the  p-type  samples  at  temperatures  around  840X  converted  the  samples  to  n-type.  We  compare  the  as-grown 
and  annealed  samples  by  means  of  photoluminescence  and  temperature-dependent  Hall  and  conductivity 
measurements.  Highly  doped  samples  converted  to  n-type  through  annealing  become  highly  compensated.  Their  Hall 
mobility  also  increases  more  than  an  order  of  magnitude.  Samples  grown  n-type  at  840  C  show  up  to  three  times  higher 
mobility  than  the  annealed  ones.  The  compensation  in  each  case  was  monitored  through  the  shift  of  the 
photoluminescence  bands  with  excitation  intensity,  up  to  24meV  per  decade  of  increase  in  the  excitation  power 
density  for  the  highest  compensation  ratio,  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.55.Cr 

Keywords:  GaAs:  Si-doping;  Site-switching:  Fluctuating  potential 


1.  Introduction 

At  high  growth  temperatures.  Si-doped  GaAs  samples 
grown  by  liquid-phase-epitaxy  (LPE)  are  n-type  but 
highly  compensated,  while  at  lower  growth  temperatures 
they  are  p-type  [1-4].  The  actual  crossover-temperature 
depends  on  silicon  concentration  and  crystal  orientation 
[5].  Gallium  arsenide  grown  by  LPE  from  gallium  melt  is 
expected  to  be  low  in  gallium  vacancies  and  possibly 
high  in  arsenic  vacancies  [6].  Under  these  conditions.  Si 
should  predominantly  be  a  shallow  acceptor  on  As  site. 
However,  growth  at  high  temperatures  evidently  favors 
Si  on  Ga  sites.  In  the  present  investigation,  we  study 
the  highly  compensated  regime  of  GaAs :  Si  and  poten¬ 
tial  fluctuations  resulting  from  insufficient  screening 
of  ionized  impurities  by  free  carriers  [7].  In  highly 
compensated  semiconductors,  the  fixed  charge  may 
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be  randomly  distributed  and  donor-  and  acceptor-rich 
regions  may  appear  locally.  Under  normal  circum¬ 
stances,  such  fluctuations  in  the  local  potential  are 
screened  by  mobile  carriers,  while  the  screening  is 
insufficient  in  highly  compensated  samples.  In  photo¬ 
luminescence  (PL)  measurements,  potential  fluctuations 
are  manifested  by  a  downward  shift  in  photon  energy  of 
the  near  bandgap  PL  bands  through  localization  of  the 
charge  carriers,  as  well  as  a  shift  of  the  localized  PL 
bands  to  higher  energy  with  increasing  excitation  power 
density.  In  GaAs,  such  fluctuations  have  been  studied 
by  photoluminescence  in  Li-compensated  material  [8] 
and  highly  Ge-doped  material  [9].  Here,  we  report  on 
photoluminescence  measurements  of  potential  fluctua¬ 
tions  in  Si-doped  GaAs,  which  has  been  converted  from 
as-grown  p-type  to  n-type  by  annealing  above  a  certain 
transition  temperature.  Furthermore,  we  also  correlate 
the  defect  density  with  the  temperature-dependent  Hall 
mobility  of  the  majority  carriers  and  compare  the  results 
from  annealed  samples  with  samples  directly  grown 
n-type. 
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2.  Sample  preparation  and  experiment 

We  grew  about  1  pm  thick  GaAs  films  by  liquid 
phase  epitaxy  on  a  semi-insulating  GaAs  (100)  sub¬ 
strate.  Four  LPE  batches  were  made.  Keeping  other 
growth  conditions  the  same,  the  Si/Ga  mass  ratio  in  the 
growth  solutions  was  altered  from  (0.1-2.1)x  10-3  or 
(0. 3-5.2) xl0~3  mole  fraction  Si.  Two  GaAs  samples 
were  grown  at  700°C,  one  with  low  Si  concentration 
(sample  #1),  and  another  with  higher  Si  concentration 
(sample  #2).  The  other  two  LPE  samples  were  grown  at 
840°C,  one  with  low  Si  (sample  #3)  and  the  other  with 
high  Si  (sample  #4). 

One  piece  of  each  sample  #1  and  #2  were  baked  in 
quartz  ampoules  at  840°C  for  24  h  with  a  subsequent 
quenching  in  liquid  nitrogen.  The  sample  derived  from 
sample  #1  was  labeled  #la  and  similarly  the  one  derived 
from  sample  #2  was  labeled  #2a.  Table  1  summarizes 
the  resulting  data  from  the  samples.  To  suppress  arsenic 
vacancy  Vas  formation  during  baking,  we  placed  a 
controlled  amount  of  solid  As  into  the  ampoule  prior  to 
evacuation,  giving  an  As  gas  pressure  slightly  below 
1  bar  at  the  baking  temperature.  Details  of  the  sample 
preparation  procedure  are  published  elsewhere  [10]. 

The  free  carrier  concentration  of  the  majority  carriers 
and  their  Hall  mobility  were  obtained  by  Hall  measure¬ 
ments  in  the  van  der  Pauw  configuration.  The  Hall 
coefficient  RH  was  calculated  from  the  slope  of  the  Hall 
voltage  versus  the  magnetic  field  in  the  range  of  0-0.5  T, 
and  an  average  of  four  values  in  each  point  was  taken 
where  the  two  pairs  of  contacts  were  interchanged  and 
the  current  reversed.  The  conductivity  was  measured  by 
the  van  der  Pauw  technique  [11].  Then  the  Hall  mobility 
is  given  by  pH  =  Rh/p ,  where  p  is  the  conductivity. 

Photoluminescence  measurements  were  performed  at 
14  K  using  the  532  nm  line  of  a  Verdi  Nd:  YV04  laser 
from  coherent  as  an  excitation  source.  The  excitation 
intensity  was  varied  over  several  decades,  from  0.001  to 
0. 1 W,  and  the  laser  beam  was  focused  on  an  area  of 
~  1  mm2.  For  each  series  of  excitation  intensities  the 
area  was  kept  constant.  The  PL  signal  was  detected  via  a 
double  0.85  m  Spex  1404  grating  monochromator  using 
a  cooled  Ge  detector. 


3.  Results  and  discussion 

3.1.  Annealing  experiment 

Both  LPE  samples  grown  at  700°C  were  p-type. 
Annealing  of  p-type  samples  around  a  crossover¬ 
temperature  makes  them  highly  compensated  and 
eventually  n-type  at  still  higher  temperatures.  The 
compensation  ratio  is  defined  NA/N^  for  n-type  but 
N£/N~a  in  the  case  of  p-type  material  [12],  where  NA  is 
the  concentration  of  ionized  acceptors  and  N £  that  of 
ionized  donors.  This  ratio  can  be  varied  with  the 
annealing  temperature.  Annealing  at  840°C  converted 
samples  #1  and  #2  to  n-type  with  rather  similar  electron 
concentration,  sample  #la  with  n  —  3.9  x  1017  cm-3  and 
sample  #2a  with  n  =  1.9  x  1017cm~3.  We  note  that  in 
addition  to  the  type  conversion,  there  is  a  significant 
difference  in  the  compensation  ratio  of  sample  #2  before 
and  after  annealing,  since  the  net  electron  concentration 
in  sample  #2a  is  only  about  10%  of  the  original  hole 
concentration.  In  the  less  Si-doped  sample  #1  the  carrier 
concentration  before  and  after  annealing  remains  the 
same  within  a  factor  of  two. 

The  type  conversion  from  p-  to  n-type  upon  annealing 
may  be  caused  by  site-switching  of  silicon  on  arsenic  site 
SiAs  to  form  silicon  on  gallium  site  SiGa  in  As  ambient 
gas  according  to  the  equation 

SiAs  +  VGa  ^  Sica  +  Vas 

_ As(g)  +  Vas  ^  Asas _  (I) 

As(g)  +  SiAs  +  Voa  ^  SiGa  +  As  As- 

Driving  the  reaction  to  the  right  by  increasing  the 
ambient  As  gas  pressure,  either  during  growth  or 
through  annealing  increases  the  concentration  of  SiGa 
according  to  Eq.  (1). 

3.2.  Photoluminescence  measurements 

In  the  as-grown  sample  #1  with  low  Si  concentration, 
the  spectrum  is  dominated  by  a  broad  PL  band  peaking 
around  1 .445  eV  for  the  lowest  excitation  intensity  level 


Table  1 

The  carrier  concentration,  mobility  and  conductivity  obtained  by  Hall  measurements  at  room  temperature  and  PL  peak  shift  with 
excitation  intensity  measured  at  14  K  in  as-grown  and  annealed  samples 


Low  Si-doping  level 

High  Si-doping  level 

Sample 

Carrier  cone. 
(cm-3) 

Shift 

(meV/dec.) 

Mobility 
(cm2/V  s) 

Sample 

Carrier  cone. 
(cm-3) 

Shift 

(meV/dec.) 

Mobility 
(cm2/V  s) 

#1 

p=  1.6  x  1017 

6 

110 

#2 

;?  =  2.0  x  1018 

5 

20 

#la 

yi  —  3.9  x  1017 

2-5 

880 

#2a 

b=1.9x  1017 

24 

820 

#3 

n  =  1.4  x  1016 

8 

2500 

#4 

p  =  3.9  x  1017 

8 

50 
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used,  /min  [10].  Increasing  the  excitation  intensity  shifts 
the  peak  position  around  6meV  per  decade  of  change, 
which  we  interpret  as  a  shift  caused  by  insufficient 
screening  of  ionized  impurities.  Annealing  at  840'C 
dramatically  changes  the  spectrum.  The  intensity  be¬ 
comes  much  smaller  and  a  weak  band  at  1 .385  eV  at  /mjn 
shows  a  shift  of  2-5  meV  per  decade  of  change  in 
intensity. 

The  photoluminescence  spectrum  of  the  as-grown 
sample  #2  with  high  Si  concentration  exhibits  a  broad, 
strong  peak  at  1.435eV  for  an  excitation  level  of  /min. 
This  peak  shows  a  rather  similar  shift  with  excitation 
intensity  as  found  in  sample  #1.  In  this  sample,  the 
annealing  produces  a  strong  shift  in  the  PL  spectrum  as 
illustrated  in  Fig.  1.  A  broad  peak  around  1.35eV  at  /min 
shifts  some  24meV  per  decade  of  change. 

The  shift  rate  of  the  two  as-grown  samples  #3  (low  Si 
concentration)  and  #4  (high  Si  concentration)  is  similar, 
close  to  8meV.  Fig.  1  summarizes  the  dependence  of  the 
peak  positions  of  the  six  as-grown  and  annealed  samples 
on  the  excitation  intensity.  Table  1  also  includes  the 
observed  shift  rate  of  the  PL  bands.  The  localization 
caused  by  the  potential  fluctuation  can  be  described  as  a 
lowering  of  the  photon  energy  of  PL  transitions  by  twice 
the  depth  of  a  potential  well  [7].  In  n-type  semiconduc¬ 
tors,  this  potential  wrell  depth  is  directly  proportional 
to  the  ratio  jVf'  with  p  replacing  n  in  p-type 
semiconductors.  Here,  Nx  is  the  total  concentration  of 
charged  impurities  in  the  material  which  are  assumed  to 
have  a  Gaussian  distribution.  Hence,  the  well  depth 
increases  with  increasing  concentration  of  charged 
impurities,  Nlf  but  decreases  with  increasing  concentra¬ 
tion  of  free  charge  carriers.  Therefore,  in  the  presence 
of  potential  fluctuations,  one  expects  to  find  a  shifting 
PL  band  at  lowest  photon  energies  in  highly  compen¬ 
sated  semiconductors  with  a  high  original  shallow 


doping.  Also,  one  expects  a  shift  to  higher  energies  with 
increased  excitation  intensity  which  increases  the 
concentration  of  photo-excited  carriers.  This  is  indeed 
what  we  observe. 

Comparing  the  as-grown  spectra  of  samples  #1  and 
#2,  we  see  that  the  shift  rate  with  excitation  intensity  in 
Fig.  1,  is  comparable  for  both  samples  while  the  peak 
position  is  somewhat  lower  in  energy  for  sample  #2 
which  has  a  higher  Si  concentration.  This  is  in  general 
agreement  with  the  higher  concentration  of  ionized 
impurities,  although  the  higher  concentration  of  free 
carriers  in  sample  #2  reduces  the  corresponding  well 
depth. 

The  type  conversion  from  p-  to  n-type  through 
annealing  illustrates  a  way  of  obtaining  a  striking  range 
of  compensation  ratios.  A  significant  difference  between 
the  two  samples  is  evident  upon  annealing  as  shown  in 
Fig.  1 .  The  highly  doped  sample  #2a  shows  a  substantial 
shift,  whereas  the  shift  rate  of  the  weakly  doped  sample 
remains  low.  Although  the  electron  concentration  of  the 
two  samples  after  annealing  is  rather  similar,  the  large 
shift  of  the  PL  band  in  sample  #2a  is  typical  of  a  high 
concentration  of  compensated  ionized  impurities.  The 
PL  shift  accompanies  a  reduction  of  the  free  carrier 
concentration  by  a  factor  of  10  in  addition  to  the  type 
conversion.  The  measured  Hall  concentration  in  the  as- 
grown  sample  #2  can,  therefore,  be  concluded  to  reflect 
the  true  Si,.\s  concentration  and  a  low  compensation 
ratio,  whereas  the  Si(-,;,  and  Si as  concentrations  become 
roughly  similar  upon  annealing,  with  a  compensation 
ratio  approaching  one  as  a  consequence. 

3.3.  Electrical  measurements 

In  Fig.  2,  the  Hall  mobilities  of  the  three  samples  with 
low  Si-doping  level,  are  compared.  Sample  #3  is  n-type 
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Fig.  1.  PL  peak  position  for  different  excitation  intensity  for 
the  six  samples.  The  slope  of  each  curve  represents  the  shift  rate 
with  excitation  intensity. 
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Fig.  2.  The  Hall  mobility  of  low  Si-doped  GaAs  as  a  function 
of  temperature.  Sample  #1  is  p-type  GaAs,  as-grown  at  700  C; 
#la  is  n-type  GaAs,  grown  at  700  C  and  annealed  at  840  C;  #3 
is  n-type  GaAs  as-grown  at  840  C. 
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Fig.  3.  The  Hall  mobility  of  high  Si-doped  GaAs  as  a  function 
of  temperature.  Sample  #2  is  p-type  GaAs,  as-grown  at  700°C; 
#2a  is  n-type  GaAs,  grown  at  700°C  and  annealed  at  840°C;  #4 
is  GaAs  as-grown  at  840°C  and  is  n-type  below  105  K. 


and  has  a  Hall  mobility  of  around  2500cm2/V  s  at  room 
temperature,  whereas  sample  #1  grown  at  700°C  is 
p-type  with  a  Hall  mobility  of  1 10  cm2/V  s.  After  anneal¬ 
ing  at  840°C,  the  sample  grown  at  700°C  has  converted 
to  n-type  and  its  mobility  increased  nearly  one  order 
of  magnitude,  to  880cm2/Vs  at  room  temperature 
(sample  #la). 

Fig.  3  shows  the  Hall  mobility  data  for  samples  grown 
and  annealed  at  the  same  temperatures  as  in  Fig.  2  but 
at  ~20  times  higher  doping  level.  Here,  the  annealed 
sample  #2a  has  the  highest  Hall  mobility,  850 cm2 /Vs. 
Hall  measurements  show  that  the  highly  doped  sample 
#4  exhibits  p-type  behavior  at  elevated  temperatures 
but  n-type  behavior  below  105  K.  The  minimum  in  the 
mobility  curve  for  sample  #4  is  an  artifact  due  to  the 
Hall  overshoot  when  p  =  n(pn/pp)2  where  the  electrons 
and  holes  attempt  to  cancel  the  contributions  of  each 
other  towards  the  Hall  effect  [13].  Here  pn  is  the  mobility 
of  electrons  and  pp  is  the  mobility  of  holes.  Sample  #3, 
grown  at  840°C  is  n-type,  whereas  sample  #4,  grown 
at  the  same  temperature  but  with  much  higher  Si- 
concentration,  is  p-type  above  105  K  and  n-type  below. 
At  this  temperature  the  number  of  ionized  donors  and 
acceptors  is  equal. 

Even  though  the  mobility  of  samples  #1  and  #2 
significantly  increases  upon  annealing,  it  is  still  several 
times  lower  than  that  of  sample  #3.  Most  likely,  the 
number  of  scattering  centers  has  grown  by  the  anneal¬ 
ing.  Presumably  they  include  Ga  vacancies  and,  to  some 
extent,  antisite  defects. 


4.  Conclusion 

Annealing  at  temperatures  close  to  a  transition 
temperature  of  840°C  resulted  in  closely  compensated 
samples  as  verified  by  a  shift  of  localized  PL  bands  with 
excitation  intensity.  The  presence  of  potential  fluctua¬ 
tions  is  manifested  through  a  shift  of  the  PL  peak 
position  of  up  to  24  meV  per  decade  of  increase  in  the 
excitation  power  density.  Furthermore,  the  annealing  of 
p-type  samples  converted  them  into  n-type  with  ~10 
times  higher  mobility.  We  have  correlated  the  observa¬ 
tion  of  potential  fluctuations  with  a  possible  site¬ 
switching  of  Si  from  As  sites  to  Ga  sites.  Our  results 
strongly  suggest  that  the  type  conversion  from  p-  to 
n-type  may  in  fact  be  caused  by  such  site-switching. 
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Abstract 

Non-stoichiometric  GaAs  is  known  to  contain  a  high  concentration  of  native  point  defects.  The  dominant  defect  in 
the  epilayers  is  the  arsenic  antisite  (AsCia),  a  deep  double  donor,  which  is  incorporated  at  low  growth  temperatures 
(commonly  between  200~C  and  300' C)  in  molecular  beam  epitaxy  (MBE).  Consequently,  p-doping  of  non- 
stoichiometric  GaAs  is  difficult  because  large  concentrations  of  acceptors  are  compensated  by  the  AsG:i.  Recently,  we 
found  that  despite  this  compensation  effect  we  can  achieve  p-conductive  GaAs:  Be  with  almost  one  order  of  magnitude 
higher  Be-doping  than  previously  obtained  in  MBE  grown  GaAs.  The  kinetics  of  dopant  incorporation  during  MBE 
growth  at  these  low  growth  temperatures  seem  to  allow  pushing  the  doping  concentration  further  beyond  Thermal 
equilibrium.  The  epilayers.  which  are  about  1  pm  thick,  are  pseudomorphic  with  a  lattice  mismatch  to  the  substrate  of 
up  to  Ac/ c--0.4%.  They  remain  free  of  structural  defects  such  as  dislocations  and  stacking  faults.  After  annealing  at 
600°C  only  the  highest  doped  epilayers  show  a  reduction  in  the  Be  concentration  although  the  layers  remain  ultrahigh 
p-conductive.  The  increased  incorporation  of  Be  as  well  as  its  unusual  stability  in  non-stoichiometric  GaAs  is  likely 
influenced  by  the  native  defects  in  these  layers,  double  positively  charged  As(;;i  defects  and  probably  neutral  gallium 
vacancies  ( Eoa).  This  novel  material  which  is  solely  achievable  through  low-temperature  growth  may  significantly 
enhance  III-V  semiconductor  applicability  due  to  ultrahigh  doping  capability  with  increased  thermal  stability.  ;f  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Non-stoichiometric  GaAs;  Be  doping:  Thermal  stability;  Native  point  defects 


1.  Introduction 

Low-temperature  (LT)  molecular  beam  epitaxy 
(MBE)-grown  III-V  semiconductors  have  found  many 
applications  as  highly  resistive  buffer  layers  for  FETs  [1], 
as  radiation  hardened  layer  for  satellite  technology  [2] 
and  in  ultrafast  opto-electronics  [3-6].  Conductive  LT- 
layers,  however,  never  reached  satisfying  conduction 
because  of  the  presence  of  electrically  active,  native 
defects,  namely  arsenic  antisites  (As<}a)  and  gallium 
vacancies  (Poa)*  The  AsGa  defects,  electrically  active  as 
deep  double  donors,  which  can  be  incorporated  in 
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concentrations  as  high  as  102o/cm3  [7]  compensate 
p-dopants  (commonly  Be  or  C)  and  also  lead  to  a 
reduced  mobility  of  the  active  carriers,  usually  electrons 
[8].  N-type  conduction  was  identified  to  be  dominated 
by  nearest-neighbor  hopping  [9,10].  P-conduction  was 
observed  in  highly  compensated  epilayers  with  lowr 
dopant  activation  or  in  the  so-called  stoichiometric 
LT-GaAs  with  Be  doping  concentrations  up  to  I0,9/cm3 
only  [7,11]. 

The  addition  of  Beryllium  to  a  GaAs  epilayer  leads  to 
a  smaller  lattice  constant  for  high  doping  concentrations 
because  the  Beryllium  which  is  commonly  incorporated 
on  the  Ga-sublattice  is  smaller  than  the  host  atom  Ga. 
At  low  growth  temperatures  this  effect  is  compensated 
by  the  introduction  of  larger  native  point  defects,  the 
AsGa  antisite  defects.  These  defects  are  also  located  in 
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the  Ga-sublattice  and  dilate  the  epilayer  lattice  if  present 
in  large  concentrations  [7],  The  strain  compensation 
between  the  small  Be&l  and  the  larger  AsGa  defects  is 
expected  to  thermally  stabilize  the  defects  [12].  Even 
more  important  than  this  stabilization  is  the  fact  that  the 
maximum  concentration  of  Be  which  can  be  incorpo¬ 
rated  into  LT-GaAs  epilayers  is  largely  enhanced.  In  this 
contribution,  the  electronic  properties  of  the  highly 
strained  epilayers  with  several  102O/cm3  Be  incorpora¬ 
tion  are  investigated.  It  is  studied  how  the  maximum  free 
hole  concentration  and  their  thermal  stability  as  well  as 
the  stability  of  the  Be  dopant  atoms  depend  on  the 
growth  conditions. 


2.  Experimental 

Be-doped  LT-GaAs  layers  were  grown  by  MBE  on 
(100)  GaAs  wafers  grown  by  Vertical  Gradient  Freeze 
(VGF  substrates,  AXT,  Fremont,  CA)  at  As/Ga  beam 
equivalent  pressure  ratios  of  20  (As-rich  conditions)  and 
a  growth  rate  of  1  pm/h.  The  growth  temperature 
measured  by  diffuse  reflectance  spectroscopy  (Thermio- 
nics  NW,  Hayward,  CA)  was  varied  from  210°C  to 
300°C.  Nominal  Be  doping  levels  between  1  x  1019  and 
2  x  1021/cm3  were  attempted.  Be  concentrations  were 
determined  by  SIMS  analysis  at  Applied  Microanalysis 
Lab.  in  Santa  Clara,  CA.  The  wafers  were  annealed  in 
proximity  to  a  sacrificial  GaAs  substrate  at  600°C  for 
30  min  in  nitrogen  ambient.  The  structural  properties 
were  investigated  by  X-ray  diffraction  using  (004) 
reflection  conditions  and  in  JEOL  4000EX  and  JEOL 
4000FX  transmission  electron  microscopes  operated  at 
400  kV.  For  the  latter  technique  samples  were  prepared 
in  cross  section  by  conventional  techniques  including  Ar 
ion  milling.  Free  carrier  concentrations  were  determined 
with  both  electrochemical  capacitance  voltage  profiling 
(ECV)  and  Hall  effect  measurements  in  Van  der  Pauw 
geometry.  For  more  details  on  MBE  growth  see  Refs. 
[13,14]  for  the  electrical  measurements. 


Fig.  1.  Lattice  mismatch  in  growth  direction,  A c/c,  between 
GaAs  substrate  and  LT-GaAs  epilayer  dependent  on  Be- 
doping.  The  solid  line,  600°C  growth  temperature,  is  extra¬ 
polated  for  Be  doping  levels  above  102o/cm3. 
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Fig.  2.  ECV  profiles  of  as-grown  (dots)  and  at  600°C  annealed 
(lines)  LT-GaAs: Be  epilayers.  The  large  variation  of  \p], 
especially  at  the  surface  of  the  higher  doped  layer,  is  mainly 
due  to  inhomogeneous  etching.  The  free  hole  concentration 
does  not  change  upon  annealing. 


3.  Results  and  discussion 

The  lattice  mismatch  between  the  GaAs  substrate 
and  the  epilayer  gives  a  first  indication  for  the  large 
concentrations  of  incorporated  Be  acceptors  in  LT- 
GaAs  :  Be.  With  increasing  Be  concentration  the  epilayer 
lattice  constant  decreases  resulting  in  lattice  matching 
to  the  substrate  [15].  For  higher  doping  concentrations 
the  lattice  mismatch  becomes  negative  and  duplicates 
approximately  the  data  from  GaAs :  Be  grown  at  580°C 
if  extrapolated  to  high  Be  concentrations  as  can  be  seen 
in  Fig.  1 .  It  was  concluded  that  the  Be  in  the  LT-grown 
epilayer  is  mainly  incorporated  on  the  Ga-sublattice 
resulting  in  a  similar  lattice  mismatch  to  the  GaAs 


substrate  as  it  would  theoretically  occur  in  GaAs: Be 
grown  at  580°C  by  MBE.  Even  at  Be  concentrations  of 
about  8  x  102O/cm3  the  lattice  mismatch  in  growth 
direction,  A  c/c,  follows  this  extrapolated  reference  line. 
In  cross-sectional  TEM  analysis  no  structural  defects 
were  found,  the  epilayers  are  grown  pseudomorphic. 
The  1  pm  thick  epilayer  with  a  lattice  mismatch  of  A  c/c 
=  —0.42%  shows  a  slightly  broadened  (004)  peak  in  X- 
ray  diffraction  with  a  doubled  FWHM  if  compared  to 
the  substrate,  probably  due  to  a  bending  effect. 

The  ECV  profiles  of  two  epilayers  ([Be]  =  5  x  1020  and 
2.8  x  102O/cm3,  rg  =  240°C,  Fig.  2)  show  the  thermal 
stabilization  of  the  hole  concentrations  upon  annealing 
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Fig.  3.  ECV  (triangles)  and  SIMS  (dots)  profiles  of  a  LT- 
GaAs :  Be  epilayer  grown  at  250T  with  8  x  lO^/cnv*  Be.  The 
as-grown  layer  shows  almost  complete  Be  activation.  Upon 
annealing  at  600  C  (open  symbols),  both  the  total  Be 
concentration  (SIMS)  and  the  free  hole  concentration  (ECV) 
are  significantly  reduced. 
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Fig.  4.  Free  hole  concentrations  achieved  in  Ga As :  Be.  The 
plot  for  high  temperature  grown  MBE  GaAs  (solid  line)  is 
shown  extrapolated  (dotted  line)  for  easier  comparison  with 
LT-growth.  The  small  dots  at  hole  concentration  levels  of 
5  x  1016/cm3  represent  the  theoretically  expected  values  for 
300  C/240  C/21 0°C  growth  temperature,  from  left  to  right, 
respectively  (Fermi  Level  calculation  for  constant  native  defect 
concentration  for  each  7;). 


at  600 'C  (overgrowth  condition).  Only  10%  of  the  Be 
contributes  to  the  hole  concentration  in  the  lower  doped 
sample  which  increases  to  over  40%  in  the  higher  doped 
layer.  However,  it  shall  be  noted  that  the  dopant 
activation  presented  here  already  exceeds  the  maximum 
hole  concentration  observable  in  GaAs :  Be.  Assuming 
the  native  point  defects.  AsG;i  double  donors,  are 
compensating  the  BeGa,  more  than  1  x  102,,/cm3  As?;!, 
have  to  be  present  in  these  layers.  It  is  noted  that  such 
high  concentrations  of  AsGa  defects  were  measured 
before  in  undoped,  pseudomorphically  grown  LT-GaAs. 
Upon  annealing  at  600'C  neither  the  total  Be  concen¬ 
tration,  [Be],  nor  the  concentration  of  free  holes  [/?], 
changes  and,  consequently,  also  the  lattice  mismatch 
remains  stable.  This  also  indicates  that  the  Be  is  not 
likely  to  be  present  as  interstitials  in  large  concentrations 
since  Be  interstitials  are  known  to  be  fast  diffusers  and 
that  the  compensating  antisite  defects  are  thermally 
stable  under  these  annealing  conditions. 

Fig.  3  depicts  ECV  and  SIMS  results  of  an  epilayer 
grown  at  250'C.  An  even  higher  doping  concentration  of 
[Be]  =  8  x  10‘°/cnr  is  achieved.  The  average  concentra¬ 
tion  of  compensated  Be  is  significantly  lower  than  in 
the  lower  doped  epilayers.  Consequently,  if  AsGa  defects 
are  present  in  this  layer,  their  concentration  must  be 
significantly  lower  with  a  maximum  value  of  about 
4x  10,9/cnr  AsGa.  Hall  measurements  of  the  as-grown 
layer  confirmed  the  ECV  results.  Additionally,  a  hole 
mobility  of  27  cm2/V  s  was  measured  which  agrees  well 
with  the  extrapolated  value  for  such  high  Be  amounts. 
During  annealing,  part  of  the  Be  diffuses  out  of  the 
epilayer.  Simultaneously,  the  free  hole  concentration  is 


reduced.  Roughly  half  of  the  remaining  Be  is  still 
electrically  active  after  annealing  with  only  30%  of  the 
inactive  Be  explicable  due  to  the  maximal  present  native 
defect  concentration  [As &,].  This  indicates  that  part  of 
the  Be  is  likely  to  be  incorporated  on  interstitial  sites 
and/or  has  formed  Be  clusters. 

Fig.  4  summarizes  the  achieved  free  hole  concentra¬ 
tions  in  580°C  grown  GaAs  and  in  various  LT-GaAs 
epilayers.  The  maximal  free  carrier  concentration  is 
almost  one  order  of  magnitude  larger  in  LT-GaAs  than 
in  GaAs  grown  at  580'C,  retaining  reasonable  carrier 
mobility.  Ultrahigh  conductivity  is  achieved  in  a 
growth  temperature  range  of  at  least  4CFC  although 
the  maximum  free  hole  concentrations  vary  with  the 
growth  temperature.  In  the  p-conductive  layers  Be  is  by 
far  more  stable  in  LT-GaAs,  a  fact  which  was  already 
observed  for  semi-insulating  LT-GaAs:  Be  epilayers 
[12,15]. 

Reasons  for  both  the  enhanced  incorporation  of  Be 
and  its  higher  thermal  stability  in  LT-GaAs  are  still 
under  discussion.  For  low  growth  temperatures  Be  may 
simply  be  kinetically  buried  in  the  epilayer.  It  is  still 
unclear  why  Be  diffusion  and  precipitation  seems  to  be 
suppressed  resulting  in  stabilized  high  free  carrier 
concentrations  in  the  epilayers.  Beryllium  is  known  to 
diffuse  fast  on  interstitial  sites  in  GaAs  which  may 
certainly  be  suppressed  in  an  up  to  2%  more  dense 
crystalline  structure.  However,  our  observations  rather 
indicate  a  correlation  between  a  large  compensation  and 
a  high  thermal  stabilization  of  Be.  A  low?er  compensa¬ 
tion  in  the  most  dense  epilayer  resulted  in  insufficient  Be 
stabilization.  Because  of  our  assumption  that  antisite 
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defects  are  responsible  for  the  electrical  compensation, 
the  behavior  of  these  native  defects  shall  be  investigated 
in  more  detail. 

The  AsGa  defects  in  ultrahigh  Be-doped  LT-GaAs 
can  be  indirectly  estimated  through  the  amount  of 
compensated  Be  in  the  as-grown  layers.  For  the  other 
native  defect,  the  gallium  vacancy  VGa,  a  concentration 
reduction  and  clustering  is  seen  in  ultrahigh  Be-doped 
layers  measured  by  positron  annihilation  spectroscopy. 
Details  about  this  measurement  technique  can  be  found 
in  Ref.  [16].  It  is  likely  that  simultaneously  the  AsGa 
defect  concentration  increases  as  it  would  in  GaAs  with 
a  lowered  Fermi  energy  level.  From  the  amount  of 
compensated  Be  an  increase  in  antisite  defects  to 
concentrations  of  about  1020/cm3  is  expected.  Therefore, 
we  propose  that  the  strain  field  of  the  AsGa,  whose 
average  distance  in  LT-GaAs  can  be  as  low  as  1.7  nm  or 
3  unit  cells  in  the  GaAs  lattice,  is  mainly  responsible  for 
the  thermal  stabilization  of  the  Be  atoms.  The  AsGa 
defects  themselves  may  be  thermally  stabilized  because 
the  FGa  assisted  diffusion  of  As  is  suppressed  in  the 
ultrahigh  Be-doped  layers  due  to  the  lack  of  single  KGa. 

4.  Summary 

Ultrahigh  p-conductive  LT-GaAs :  Be  epilayers  were 
grown  with  free  hole  concentrations  as  high  as  7  x  1020/ 
cm3.  After  annealing  at  600°C  about  2  x  102O/cm3  holes 
remain  in  the  epilayers  which  are  highly  strained.  The 
effect  of  ultrahigh  Be-doping  is  fairly  growth  tem¬ 
perature  insensitive  within  at  least  a  40 °C  temperature 
range,  although  the  maximum  amount  of  free  holes  is 
dependent  on  the  growth  temperature.  A  suppressed  Be 
diffusion  is  observed,  which  is  likely  to  be  caused  by 
residual  AsGa  antisite  defects,  which  are  themselves 
thermally  stabilized  due  to  the  lack  of  native  single  FGa. 
These  highly  p-doped  epilayers  may  find  an  application 
for  example  as  base  layer  in  an  AlGaAs/GaAs  HBT.  A 
considerably  increased  electron  efficiency  in  the  emitter 
due  to  a  reduced  bandgap  and  decreased  resistivity  of 
the  base  layer  can  benefit  the  clock  rates  in  IC’s.  The 
minority  carrier  lifetime  and  mobility  in  such  layers  still 
has  to  be  investigated. 
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Abstract 

Native  point  defects  in  non-stoichiometric  GaAs  layers  doped  with  Be  were  observed.  Ga  vacancies  were  identified  by 
positron  annihilation.  Asc;a  antisite  defects  were  investigated  by  near  infrared  absorption  and  magnetic  circular 
dichroism  of  absorption,  respectively.  We  found  the  properties  of  the  As(;a  antisites  very  similar  to  that  of  AsCia  in  bulk 
GaAs.  i.e.  they  exhibit  the  same  MCDA  spectra  and  quenching  behavior.  The  concentration  of  native  point  defects  was 
not  influenced  by  the  Be  doping.  Therefore,  the  thermal  stability  of  non-stoichiometric  GaAs:  Be  can  not  be  explained 
with  a  different  incorporation  of  native  defects.  T  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  LT-GaAs:  Ga-vacancy:  Arsenic  antisitc;  MCDA 


1.  Introduction 

Non-stoichiometric  GaAs  layers  grown  by  molecular 
beam  epitaxy  (MBE)  at  low  temperatures  (LT-GaAs) 
attracted  a  large  interest  due  to  their  unique  properties, 
i.e.  ultrafast  carrier  recombination  and  semi-insulating 
behavior  after  annealing.  During  the  growth  at  low 
temperatures,  a  large  As  excess  is  incorporated  in  form 
of  point  defects  [1,2].  The  properties  of  (undoped)  LT- 
GaAs  are  dominated  by  As(i:i  antisites  incorporated  in 
concentrations  up  to  102ocm  3  while  VCt[i  (with  densities 
in  the  10lscm  3  range)  is  responsible  for  the  compensa¬ 
tion  of  positive  As(ia  [3]. 

The  major  drawback  of  undoped  LT-GaAs.  however, 
is  its  thermal  instability  which  restricted  applications  so 
far.  Recently,  doping  with  Be  was  found  to  thermally 
stabilize  AS(}a  defects  therewith  opening  new  prospects 
for  the  application  of  non-stoichiometric  GaAs  layers 
[4].  The  origin  of  the  thermal  stability  is  uncertain.  Ga 
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vacancies  are  believed  to  mediate  the  diffusion  of  AsCia. 
thus,  it  has  been  suggested  that  Be  doping  reduces  the 
concentration  of  V^KX  thereby  suppressing  the  outdiffu- 
sion  of  excess  As  [5].  However,  this  hypothesis  is 
supported  by  very  few  experiments  [5,6].  Another 
possible  explanation  involves  the  formation  of  defect 
complexes  such  as  AsGa-Be(ia  which  would  hinder  the 
diffusion  of  Asc;a.  In  this  work,  we  investigate  the  native 
point  defects  in  LT-GaAs:  Be  and  their  concentra¬ 
tion  in  relation  to  the  doping  concentration  in  order  to 
understand  the  properties  and  thermal  stability  of  that 
material. 


2.  Experimental 

Non-stoichiometric  GaAs  layers  were  grown  by  MBE 
under  arsenic-rich  conditions  with  an  As/Ga  beam 
equivalent  pressure  (BEP)  of  20  at  temperatures  from 
200  !C  to  300  C.  The  Be  doping  concentration  varied  up 
to  8  x  10|l)cm  \  The  growth  rate  was  1  pm/h  and  the 
layer  thickness  1-1.5  pm.  Positron  annihilation  spectro¬ 
scopy  (PAS)  employing  slow  monoenergetic  positrons 
was  used  to  investigate  vacancy  defects  [7].  Positron 
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trapping  in  vacancy  defects  can  be  observed  as  a 
change  of  the  shape  of  the  511-keV  annihilation  peak, 
characterized  by  the  lineshape  parameters  S  and  W.  The 
experimental  details  are  the  same  as  in  Ref.  [8].  AsGa 
antisites  were  observed  by  near  infrared  absorption 
(NIRA)  and  magnetic  circular  dichroism  of  absorption 
(MCDA).  The  experimental  details  of  the  absorption 
techniques  are  described  in  Ref.  [2], 

3.  Detection  of  Ga  vacancies  by  positron  annihilation 

PAS  measurements  as  a  function  of  incident  positron 
energy  showed  results  very  similar  to  those  reported 
earlier  for  undoped  LT-GaAs  [8].  Most  important,  the  S 
parameter  characteristic  for  the  LT-GaAs  layers  was 
significantly  higher  than  that  one  in  defect  free  GaAs. 
This  shows  clearly  positron  trapping  at  vacancy 
defects.  In  order  to  identify  the  defects,  we  analyzed 
the  correlation  between  S  and  W  parameter.  For  all  our 
LT-GaAs :  Be  samples,  the  data  followed  the  same  linear 
variation,  previously  shown  to  be  due  to  Ga  mono¬ 
vacancies  [8].  Other  defects  in  GaAs,  e.g.  vacancy  cluster 
or  As  vacancies  exhibit  significantly  different  annihila¬ 
tion  characteristics  than  VGa.  Therefore,  the  vacancies  in 
LT-GaAs :  Be  are  also  Ga  monovacancies. 

With  that  knowledge,  we  determined  the  VGa  con¬ 
centration  from  the  S  parameter  characteristic  for 
the  respective  LT-GaAs :  Be  layer  from  cv  =  A b  x 
(S  -  S\,)/(jxv(S d  -  S)).  2b  =  (229ps)_1  is  the  annihilation 
rate  in  defect-free  GaAs  and  juv  =  1015s-1  is  the 
trapping  coefficient  for  VGii  [7].  The  S  parameter  Sd, 
specific  for  annihilation  in  VGa,  is  1.017  [8].  In  Fig.  1,  we 
show  the  resulting  VGii  concentrations  as  a  function  of 
the  Be  concentration  for  LT-GaAs  grown  at  different 
temperatures.  The  VGa  concentration  is  independent  on 


Fig.  1.  Concentration  of  VGil  in  LT-GaAs: Be  as  a  function  of 
the  Be  concentration.  Lines  are  guide  to  the  eyes. 


Be  doping  up  to  the  highest  doping  level  investigated. 
Thus,  Be  doping  has  no  influence  on  the  incorporation 
of  Ga  vacancies  during  the  MBE  growth  of  GaAs  at  low 
temperatures. 


4.  Optical  absorption  spectroscopy  of  AsCa  antisites 

Optical  absorption  spectroscopy  was  the  major 
experimental  tool  to  investigate  AsGa  defects  in  LT- 
GaAs  layers  [1,2].  Nevertheless,  considerable  uncer¬ 
tainty  remained  because  several  features  of  AsGa  defects 
known  from  bulk  GaAs  were  not  observed  in  LT-GaAs. 
Often  only  a  part  of  the  AsGa  in  LT-GaAs  was  found  to 
be  quenchable  (if  any  at  all)  [2,9]  while  this  property  is 
one  of  the  major  fingerprints  of  AsGa  in  bulk  GaAs. 
Moreover,  the  MCDA  spectra  of  AsGa  defects  in  LT- 
GaAs,  known  to  be  sensitively  dependent  on  the  detailed 
microscopic  structure  of  the  defect,  often  seemed 
different  from  that  known  from  bulk  GaAs  [2,10].  This 
section  will  therefore  focus  on  a  detailed  investigation  of 
the  AsGa  related  MCDA  spectra  in  LT-GaAs. 

In  Fig.  2  (a),  MCDA  spectra  from  LT-GaAs  and  SI 
bulk  GaAs  are  compared.  The  spectrum  obtained  from 
SI  GaAs  exhibits  the  one  derivative,  one  bell  shaped 
structure  typical  for  the  paramagnetic  AsGd  defects  [11]. 
The  spectrum  in  undoped  LT-GaAs  exhibits  a  similar 
negative  band  at  ~0.95eV  but  has  also  a  negative  band 
at  ~  1.2  eV,  significantly  different  from  the  two  positive 


Fig.  2.  MCDA  spectra  of  AsGa  defects  in  GaAs  measured  at 
T=  1.8  K  and  B=  2T  (a)  Spectra  from  semi  insulating  bulk 
GaAs  and  undoped  LT-GaAs  grown  at  250°C.  (b)  Spectra 
from  Be  doped  LT-GaAs  grown  at  250°C  with  different  Be 
concentrations  as  indicated. 
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bands  in  bulk  GaAs.  In  contrast,  the  spectra  from 
LT-GaAs :  Be  (Fig.  2b)  are  very  similar  to  that  in  bulk 
GaAs.  The  MCDA  band  at  0.95  eV  is  known  to  be 
proportional  to  the  AsGa  concentration  [1 1].  In  Fig  2  (b) 
its  intensity  is  directly  proportional  to  the  Be  doping, 
indicating  that  the  AsGa  compensate  the  Be  acceptors. 
Thus,  [AsGa]  is  close  to  the  Be  concentration  (e.g. 
^3  x  1 01 9 cm  3  in  the  highest  doped  sample). 

It  has  been  shown  that  AsGa  in  its  neutral  charge  state 
posses  a  characteristic  MCD  signal  [12],  albeit  with 
lower  intensity  then  that  of  AsGa.  According  to  theory, 
the  spectrum  due  to  the  paramagnetic  AsGa  has  a  strong 
temperature  dependence  while  the  spectrum  due  to  the 
diamagnetic  As?ia  is  independent  on  temperature  [13]. 
Therefore,  we  performed  MCDA  measurements  at  a 
higher  temperature  (125  K)  in  order  to  separate  diamag¬ 
netic  and  paramagnetic  spectra.  In  Fig.  3,  such  measure¬ 
ments  are  shown  for  (a)  LT-GaAs:  Be  and  (b)  the 
undoped  LT-GaAs  sample  from  Fig  2.  The  spectra 
measured  at  125  K  have  the  same  features  in  both 
samples,  i.e.  two  negative  bands  at  1.2  and  0.94eV  with 
intensity  ratio  of  ~  1.8.  The  spectrum  is  the  same  as  the 
diamagnetic  spectrum  due  to  AsGa  previously  observed 
in  bulk  GaAs  [12].  Similar  measurements  were  done  for 
a  larger  set  of  samples.  The  intensity  of  the  two  bands 
was  directly  proportional  to  the  absorption  coefficient  at 
1.2eV,  i.e.  to  the  AsGa  concentration.  It  is  especially 


Fig.  3.  MCDA  spectra  of  LT-GaAs:  Be  (a)  and  undoped  LT- 
GaAs  (b)  measured  at  1.8  and  125  K.  The  spectra  are  compared 
to  the  MCDA  quenchabie  at  1.8  K  and  to  the  paramagnetic 
MCDA  obtained  as  the  difference  between  the  spectra  at  1.8 
and  125  K. 


notable  that  the  diamagnetic  spectrum  is  very  similar  to 
the  MCDA  which  can  be  photoquenched.  Thus,  AsGa  in 
our  layers  is  fully  quenchabie.  in  contrast  to  previous 
results  that  AsGa  in  LT-GaAs  is  not  or  only  partly 
quenchabie  [2,9]. 

In  Fig.  3,  we  show  also  the  paramagnetic  spectra 
obtained  by  subtracting  the  diamagnetic  spectra  from 
the  total  MCDA.  In  both  cases,  they  are  very  similar  to 
that  of  AsGa  in  bulk  GaAs  shown  in  Fig.  2.  The  total 
MCDA  spectrum  from  undoped  LT-GaAs  can  therefore 
be  explained  by  the  superposition  of  diamagnetic  (due 
to  As”ia)  and  paramagnetic  MCDA  (due  to  AsGa),  For 
the  undoped  LT-GaAs  sample  in  Figs.  2  and  3,  [AsGa] 
is  ~3  x  10l9cm'  \  significantly  larger  than  [AsGa] 
(~6  x  1017cm  3).  Therefore,  the  diamagnetic  spectrum 
dominates  for  this  particular  sample,  explaining  the 
overall  shape  of  the  MCDA  spectrum. 

The  detailed  investigation  of  the  MCDA  spectra  in 
LT-GaAs  shows  that  the  AsGa  antisites  in  both  charge 
states  have  properties  very  similar  to  that  in  bulk  GaAs. 
We  found  this  finding  to  be  true  for  undoped  as  well 
as  for  Be  doped  LT-GaAs.  Our  data  provide  therefore 
no  evidence  that  Be  forms  a  complex  with  the  AsGa 
antisites. 

With  these  results,  we  can  now  determine  the  AsGa 
antisite  concentration.  [AsGa]  increases  with  the  Be 
doping  because  of  charge  compensation,  but  the  total 
AsG;,  concentration  (i.e.  [AsGa]  +  [AsGa])  is  independent 
on  Be  doping.  In  Fig.  4,  [KGa]  is  plotted  vs.  the  total 
[AsG.J.  [fcia]  is  ~1%  of  the  total  [AsGa]  in  all  samples 
(solid  line).  The  data  agree  with  previous  results  from 
undoped  LT-GaAs.  Therefore,  doping  with  Be  has  no 
influence  on  the  incorporation  of  all  native  point  defects 
in  LT-GaAs. 


5.  Discussion  and  summary 

Our  results  exclude  that  a  different  incorporation  of 
native  point  defects,  especially  KGa,  is  responsible  for  the 
thermal  stability  of  LT-GaAs :  Be.  It  has  been  suggested 
that  [FGa]  should  be  reduced  in  LT-GaAs: Be  because  the 
Fermi  level  effect  reduces  the  formation  energy  of  in 
p-doped  GaAs  [5].  However,  the  formation  energy 
governs  defect  concentrations  preferably  in  thermal 
equilibrium.  Contrary,  MBE  growth  at  low  temperature 
is  a  non-equilibrium  process  where  defect  concentrations 
are  governed  mainly  by  the  growth  kinetics. 

The  incorporation  of  AsGa  in  undoped  LT-GaAs  has 
been  explained  by  the  evaporation  and  absorption  of  the 
incoming  atomic  species.  With  decreasing  temperature, 
reduced  As  desorption  leads  to  an  increased  [AsGa] 
concentration  while  the  reduced  Ga  diffusivity  at  the 
surface  leads  to  an  increase  of  [VCni]  [14].  The  universal 
relationship  between  [VCtll]  and  [AsGa]  shown  in 
Fig.  4  suggests  the  same  growth  mechanism  also  for 
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Fig.  4.  Concentration  of  VG.d  as  a  function  of  the  total  AsCa 
concentration  (sum  of  [AsgJ  and  [AsSa])  in  LT-GaAs  doped 
with  Be  (■)  in  comparison  to  undoped  LT-GaAs  grown  at 
different  temperatures  with  a  BEP  of  20  (O,  Ref.  [3])  and 
to  undoped  LT-GaAs  grown  at  200°C  with  variable  BEP  (A, 
Ref.  [8]). 

LT-GaAs:  Be.  The  PAS  and  MCDA  results  gave  no 
evidence  for  the  formation  of  Be  containing  complexes. 
This  indicates  that  the  Be  does  not  interact  with  the 
other  defects.  Because  the  Ga  or  As  concentration  at  the 
surface  is  still  much  higher  than  the  Be  concentration, 
the  defect  concentrations  will  then  be  governed  by  the 
same  kinetically  factors  as  in  undoped  material. 

Finally,  we  address  the  issue  of  thermal  stability  of 
LT-GaAs :  Be.  While  we  exclude  that  type  and  concen¬ 
tration  of  native  point  defects  are  changed  it  is  known 
that  the  small  Be  atoms  compensate  the  lattice  strain 
caused  by  AsGa  antisites.  Because  thermal  stabilization 
is  best  in  layers  where  the  net  amount  of  strain  is  lowest 
[4],  we  conclude  that  the  most  likely  explanation  for 


thermal  stabilization  in  LT-GaAs :  Be  is  strain  compen¬ 
sation. 

In  summary,  we  studied  native  defects  in  non- 
stoichiometric  LT-GaAs  doped  with  Be.  We  found  the 
same  defects  as  in  undoped  LT-GaAs,  i.e.  AsGa  antisites 
and  Ga  vacancies.  The  AsGa  exhibited  the  same  features 
as  AsGa  defects  in  bulk  GaAs,  i.e.  they  have  similar 
MCDA  spectra  and  could  be  fully  quenched.  The 
concentration  of  native  defects  was  not  influenced  by 
the  Be  doping  and  depends  only  on  the  growth 
conditions.  Or  results  suggest  that  the  most  likely 
explanation  for  thermal  stability  of  LT-GaAs: Be  is 
the  compensation  of  lattice  strain  by  the  Be  atoms. 
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ELSEVIER 


Abstract 


Preliminary  results  on  the  study  of  deep  levels  associated  with  4d-transition  metal,  rhodium,  in  crystalline  GaAs 
grown  by  metal-organic  chemical  vapour  deposition  (MOCVD)  technique  are  reported  for  the  first  time.  Deep  level 
transient  spectroscopy  on  n-type  GaAs  doped  in  situ  with  Rh  during  MOCVD  growth  reveals  a  broad  majority  carrier 
emission  peak.  The  peak  corresponds  to  a  band  of  deep  levels  extending  over  the  energy  range  0.57-0.65  eV  below  the 
conduction  band  edge  with  lower-energy  states  having  lower  electron  capture  cross-sections.  The  deep  levels  show  a 
pronounced  dependence  of  electron  emission  rate  on  the  junction  electric  field.  Minority  carrier  (hole)  emission  spectra 
at  zero  bias  show  a  pronounced  Rh-related  deep-level  peak  with  a  low-temperature  shoulder.  The  dominant  level  in  the 
lower  half-gap  is  found  to  have  a  position  £v  +  0.44  eV,  with  a  field-dependent  emission  rate  signature,  (fy  2001  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  study  of  transition  metal  (TM)  impurities  is  a 
subject  of  continuing  importance  in  semiconductor  phy¬ 
sics  owing  to  their  fundamental  and  technological  imp¬ 
ortance.  In  this  regard,  the  role  of  heavier,  4d-  and  5d-TM 
impurities  is  of  particular  importance  in  compound 
semiconductors  as  shown  by  our  recent  work  on  InP 
[1-3].  For  example,  the  5d-TM  ruthenium  (Ru)  has  been 
shown  to  provide  a  thermally  stable,  compensator  dopant 
for  producing  semi-insulating  InP  needed  for  InP-based 
semiconductor  technology  [2].  This  paper  reports  the 
results  of  the  first  ever  DLTS  investigation  of  the  4d-TM 
impurity  rhodium  (Rh)  in  GaAs.  to  our  knowledge. 

2.  Material  and  samples 

Epitaxial  layers  of  n-type  GaAs  grown  by  low 
pressure,  metal-organic  chemical  vapour  deposition 
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(LP-MOCVD)  doped  in  situ  with  Rh  have  been  used 
in  this  study.  The  temperature  and  pressure  during 
growth  were  720"C  and  20mbar,  respectively,  p  ' -layers 
doped  with  Zn  were  grown  on  these  layers  by  metal- 
organic  chemical  vapour  deposition  (MOCVD)  in  the 
same  reactor  to  fabricate  mesa  p +  n-junction  diodes 
suitable  for  performing  DLTS  investigations,  after 
providing  appropriate  metallic  ohmic  contacts  on  the 
two  sides  by  vacuum  evaporation.  A  sensitive  deep-level 
spectrometer  based  on  lock-in  detection  system  has  been 
used  for  DLTS  measurements  from  77  K  upwards  in 
temperature.  Identically  prepared  reference  samples 
without  any  intentional  Rh  doping  were  used  to  identify 
the  Rh-related  deep-level  defects  in  Rh-doped  samples. 


3.  Results 

3.1.  Majority  carrier  deep  levels 

The  typical  DLTS  spectra  for  majority  carrier 
(electron)  emission  obtained  from  the  reference  and 
Rh-doped  samples  are  shown  in  Fig.  1.  While  no 
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Fig.  1.  Majority  carrier  (electron)  emission  DLTS  spectra  of 

(a)  p+n-GaAs  reference  sample  at  500  ps  capture  pulse  width. 

(b) -(e)  Rh-doped  p+n-GaAs  at  (b)  5  ps,  (c)  50  ps,  (d)  500  ps  and 
(e)  5  ms  capture  pulse  widths,  respectively.  Fr  =  —2.0  V  and 
VP  =  -0.5  V  for  all  spectra. 


Fig.  2.  Majority  carrier  (electron)  emission  DLTS  spectra  for 
Rh-doped  n-GaAs  at  different  reverse  biases  (Fr)  showing  the 
effect  of  electric  field:  (a)  FR  =  -5  V,  (b)  -4  V,  (c)  -3  V,  (d)  -2  V, 
(e)  -IV;  Fp  =  -0.5  V  and  tp  =  500  ps  for  all  spectra. 


significant  deep  level  emission  signal  is  observed  from 
the  reference  samples  in  the  temperature  range  used,  the 
Rh-doped  samples  show  a  prominent,  broad  peak 
corresponding  to  electron  emission  to  the  conduction 
band.  This  peak  shows  a  strong  increase  in  the  width 
and  height,  with  a  pronounced  broadening  towards  low- 
temperature  end,  as  the  width  of  the  electron  capture 
pulse  is  increased  from  5  ps  to  5  ms,  as  shown  in  Fig.  1 . 
This  clearly  shows  that  Rh  introduces  a  band  of  deep- 
level  states  in  the  upper  half-gap  with  lower-energy 
levels  having  lower  electron  capture  cross-sections  as 
compared  to  the  higher-energy  (deeper)  states.  DLTS 
scans  at  different  applied  quiescent  biases  show  a 
significant  shift  in  the  peak  position  towards  lower 
temperatures  with  the  increase  of  the  junction  electric 
field  along  with  the  accompanying  broadening,  as  shown 
in  Fig.  2.  This  is  a  clear  indication  that  most  of  the  Rh- 
related  deep  levels  comprising  the  broad  peak  have  field- 
dependent  emission  rates.  Attempts  to  resolve  this  band 
into  component  peaks,  at  least  at  the  high-temperature 
end,  by  using  smaller  capture  pulse  widths  did  not  yield 
clear  single  peaks  when  tested  against  theoretical  DLTS 
line-shape  formula  [4,5].  The  DLTS  spectra  for  low 
(250  ns)  and  high  (500  ps)  capture  pulse  widths  are 
shown  in  Fig.  3.  In  view  of  the  strong  electric  field 
dependence,  double-correlation  DLTS  (DDLTS)  was 
used  to  obtain  information  on  the  limiting  positions  of 
the  energy  levels  comprising  the  above-mentioned  band. 
The  Arrhenius  plots  of  the  electron  emission  rate  data  so 
obtained  for  these  limiting  cases,  given  in  the  inset  of 
Fig.  3,  show  the  activation  energies  of  the  levels 
corresponding  to  the  low-  and  high-temperature  ends 
of  the  emission  band  to  be  approximately  0.57  and 
0.65  eV,  respectively,  at  an  electric  field  of  ~6  x  104V/ 
cm.  The  respective  apparent  electron  capture  cross- 
sections  for  these  two  ends  of  the  band,  obtained  from 


Thermocouple  emf  (mV) 


0  1  2  3  4  5  6  7 


Fig.  3.  Majority  carrier  (electron)  emission  DLTS  spectra  for 
Rh-doped  sample  at  (a)  250  ns  and  (b)  500  ps  pulse  width.  The 
inset  shows  the  Arrhenius  plots,  obtained  in  the  DDLTS  mode 
for  the  peaks  EL  and  Eh  corresponding  to  the  low-  and  high- 
temperature  ends,  respectively,  of  the  emission  band. 


the  intercepts  of  the  Arrhenius  plots  of  the  respective 
emission  rate  signatures,  are  given  in  Table  1. 

3.2.  Minority  carrier  deep  levels 

Fig.  4  shows  DLTS  spectra  obtained  with  minority 
carrier  injection  at  zero  volt  quiescent  bias.  High 
injection  (  +  2.0V)  and  large  pulse  width  (500  ps) 
spectrum,  trace  (a),  clearly  shows  a  prominent,  broad 
negative  peak  with  a  shoulder  at  the  lower-temperature 
end,  corresponding  to  at  least  two  deep-level  states  in 
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Table  1 

Characteristics  of  deep  levels  observed  in  n-GaAs:  Rh 

Deep  level  Capture  cross-section 

position  (eV)  <y(  x  )(X  10  12  enr) 

Ec  ~  0.57"  5T7 

Ec  ~  0.65;l  4.08 

Es  +  0.44  0.33 

These  levels  correspond  to  the  low-  and  high-temperature 
ends  of  the  DLTS  emission  band. 


Thermocouple  emf  (mV) 
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Temperature  (K) 

Fig.  4.  Minority  carrier  (hole)  emission  DLTS  spectra  for  Rh- 
doped  n-GaAs  at  two  different  pulse  widths  (a)  500  gs  and  (b) 
0.5  ps.  The  inset  shows  Arrhenius  plots  of  minority  carrier 
emission  peak  observed  under  the  following  conditions  (a) 
DLTS  mode;  VR  =  0  V,  Vv  =  +2.0  V.  /,>  =  250  ns;  (b)  DDLTS 
mode:  VR  =  -5  V.  KP,  =  +2.0  V.  Vvl  =  0  V,  /,>  =  500  ps  and 
(c)  DDLTS  mode:  VR  =  -1  V.  Vl>{  =  +2.0  V,  VR2  =  0  V, 
ip  =  500  ps. 


carrier  peak,  as  expected.  However,  DDLTS  using  an 
injection  pulse  followed  by  a  zero  volt  majority  carrier 
excitation  pulse,  which  would  eliminate  at  least  a  major 
part  of  the  majority  carrier  emission  peaks,  if  not 
completely,  would  circumvent  this  problem  and  clearly 
show  minority  carrier  emission  peaks  even  at  non-zero 
quiescent  reverse  bias.  This  is  indeed  what  is  observed, 
allowing  measurement  of  the  emission  rate  signature  at 
an  applied  reverse  bias,  which  is  also  included  in  the 
inset  of  Fig.  4  (plot  b).  Plot  (c)  in  the  same  inset  is  the 
emission  rate  signature  for  the  same  peak  measured  in 
the  DDLTS  mode  at  a  lower  applied  bias  of  - 1  V, 
keeping  all  other  parameters  the  same  as  for  plot  (b). 
This  clearly  shows  that  this  hole-emitting  level  has  a 
strongly  field-dependent  emission  rate. 

DDLTS  investigations  on  the  reference  diodes  show 
much  smaller  minority  carrier  emission  features  in 
similar  (but  not  identical)  temperature  regions.  How¬ 
ever,  while  the  higher-temperature  peak  is  too  weak  to 
allow  detailed  measurements,  careful  measurements 
show  that  the  lower-temperature  peak  in  these  samples 
has  a  significantly  different  emission  rate  signature  than 
that  of  the  minority  carrier  emission  peak  in  the  Rh- 
doped  samples.  The  minority  carrier  emission  peaks 
seen  in  Rh-doped  GaAs  are  either  exclusively  Rh-related 
or  combined  with  the  much  smaller  peaks,  correspond¬ 
ing  to  deep  levels  in  close-by  positions  in  the  band  gap, 
seen  in  the  reference  samples.  The  much  stronger  hole 
emission  peaks  in  the  Rh-doped  samples  may.  thus, 
originate  from  isolated  Rh  impurity  or  some  complexes 
of  Rh  with  the  pre-existing/growth-related  inadvertent 
defects  in  the  as-grown  MOCVD  material.  Unambig¬ 
uous  resolution  of  these  aspects  and  some  other  unusual 
properties  of  the  small  minority  carrier  peaks  in  the 
reference  samples  require  detailed  further  work,  which  is 
in  progress. 


the  lower  half-gap  of  our  material.  Lowering  the 
injection  pulse  width  leads  to  the  disappearance  (or 
strong  reduction  in  the  strength)  of  the  shoulder,  as 
shown  by  trace  (b)  in  Fig.  4,  indicating  a  significantly 
lower  hole  capture  cross-section  for  the  lower-energy 
deep-level  component.  The  measured  hole  emission-rate 
signature  of  the  dominant  minority  carrier  deep  level  is 
shown  as  plot  (a)  in  the  inset  of  Fig.  4,  yielding  an 
activation  energy  of  ~0.44eV  for  this  level.  It  is 
pertinent  to  point  out  that  the  minority  carrier  injection 
scans  with  non-zero  quiescent  reverse  bias  (J/R)  show 
either  no  negative  peak  (for  FK<-2V),  or  a  much 
smaller  (by  a  factor  of  2,  approximately)  negative  peak 
(for  VR  >  -2  V)  superposed  on  the  dominant  majority 
carrier  emission  band,  while  the  injection  DLTS 
spectrum  at  zero  quiescent  bias  shows  only  the  minority 


4.  Conclusions 

In  conclusion,  Rh  impurity  is  seen  to  introduce  deep- 
level  defect  states  in  the  bandgap  of  n-type  GaAs 
crystals  grown  by  LP-MOCVD  at  energy  positions 
extending  from  Ec  -  0.57  to  Ec  -  0.65  eV  in  the  upper- 
half  gap.  Most  of  this  band  of  levels  appear  to  have 
electric  field  dependent  emission  characteristics.  In  the 
lower-half  gap,  a  Rh-related  deep  level  at  £v  +  0.44  eV  is 
found  to  dominate  the  DLTS  spectrum.  In  addition, 
unresolved  hole-emitting  deep-level  signals  are  also 
observed  both  on  the  lower-  and  higher-temperature 
sides  of  this  dominant  peak  in  the  hole  emission  spectra. 
The  0.44  eV  hole  level  is  also  found  to  exhibit  electric 
field  dependent  emission  rate  signature.  Theoretical 
efTorts  to  resolve  the  majority  carrier  deep-level  band 
and  detailed  quantitative  analysis  of  the  field  depen¬ 
dence  of  these  components  are  in  progress. 
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Abstract 

The  effect  of  beryllium  doping  on  defect  structure  of  the  1.5pm  thick  GaAs:  Be  films  grown  by  MBE  on  GaAs 
substrate  as  well  as  the  effect  of  high  temperature-high  pressure  treatment  (HT-HP)  on  structural  changes  in  that 
material  were  investigated  by  X-ray,  electrical  and  SIMS  methods.  For  As-grown  GaAs:  Be  with  Be  concentration 
^2.7  x  10  cm  \  the  Be  doping-related  decrease  of  lattice  parameter,  a ,  corresponded  to  that  calculated  from  the 
Vegard  law,  accounting  for  the  effect  of  holes  on  that  parameter.  For  GaAs :  Be  with  the  higher  Be  concentration,  a 
decrease  of  the  a  value  was  lower  than  that  calculated.  This  effect  can  be  explained  assuming  creation  of  Be  inclusions, 
(t  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaAs: Be:  High  hydrostatic  pressure;  Beryllium  inclusion;  X-ray 


1.  Introduction 

Heavily  doped  p-type  GaAs  makes  it  easier  to 
produce  ohmic  contact  and  is  very  desirable  in 
device  structures  such  as  tunnel  diodes  or  hetero¬ 
junction  bipolar  transistors.  Beryllium  is  the  most 
frequently  used  dopant  for  preparing  p-type  GaAs. 
Beryllium  incorporation  in  GaAs  produces  a 
shallow  donor  at  about  19meV  level  above  the  valence 
band. 

Doping  with  electrically  active  atoms  changes  the 
lattice  constant  of  the  semiconductors  owing  two 
factors:  (i)  size  effect  and  (ii)  presence  of  free  charges. 
The  effect  of  inclusions  on  the  lattice  constant  ought  to 
be  also  taken  into  account  for  the  case  of  highly  doped 
semiconductor.  Linear  dependence  of  the  lattice  con¬ 
stant  value  on  the  beryllium  concentration  has  been 
reported  [1]. 
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As  it  follows  from  recent  investigations  of  the  high 
temperature -high  hydrostatic  pressure.  HT-HP,  effect 
on  strained,  hydrogen-  and  oxygen-implanted  silicon. 
Si :  H  and  Si :  O  [2-4]  and  on  the  thin  AlGaAs  layers 
deposited  on  the  GaAs  substrate  [5],  the  HT-HP 
treatment  can  result  in: 

(i)  change  of  thin  layer  strain; 

(ii)  change  of  components  diffusivity; 

(iff)  creation  of  additional  nucleation  sites  for  newly 
created  bulk  and  interface  defects; 

(iv)  change  of  dislocation  mobility;  and 

(v)  creation  of  defects  at  the  thin  film/matrix  boundary. 

An  influence  of  enhanced  hydrostatic  pressure  of 
ambient  gas  on  the  layer  strain  can  be  neglected  for  the 
GaAs :  Be/GaAs  samples  due  to  similar  bulk  moduli  [5] 
of  the  layer  and  substrate  materials.  It  means  that  the 
GaAs:  Be  lattice  parameter  value  after  the  HT-HP 
treatment  would  depend  mainly  on  the  primary  defect 
structure  of  the  layer  material.  Therefore,  the  HT-HP 
treatment  was  applied  in  our  work  to  obtain  informa¬ 
tion  on  the  defect  structure  of  the  GaAs :  Be  layer 
modified  by  beryllium  doping. 
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2.  Experimental 

The  epitaxial  GaAs:Be  layers  were  grown  on  the 
semi-insulating  (1 00)-oriented  GaAs  substrates  at 
870  K  with  a  growth  rate  of  1.0pm/h  in  the  Katun’s 
MBE  system.  The  layers  thickness  was  equal  to  1.5  pm. 
The  GaAs: Be  layers  were  separated  from  the  GaAs 
substrate  by  a  lOOnm  thick  superlattice  comprising  five 
pairs  of  (AlAs)/(GaAs)  subsequent  layers,  each  layer 
with  10  nm  thickness.  The  GaAs :  Be  layers  were  covered 
by  a  30  nm  thick  capping  AlAs  layer. 

The  Be  and  carrier  (hole)  concentrations  were  deter¬ 
mined  by  secondary  ions  mass  spectrometry,  SIMS  and 
Van  der  Pauw  measurements,  respectively.  The  last 
measurements  were  performed  at  room  and  liquid 
nitrogen  temperatures. 

The  GaAs :  Be/GaAs  structures  were  HT-HP  treated 
for  1  h  under  1.2  GPa  argon  pressure  at  870  K,  the  same 
temperature  as  that  of  layer  growth. 

The  lattice  constant  of  the  layer  material,  before  and 
after  the  HT-HP  treatment,  was  determined  by  the 
Fewster  method  [6]  using  X-ray  high-resolution  diffrac¬ 
tometer.  A  set  of  high  Bragg  angle  reflections  (006,  335 
and  117)  was  used.  The  relaxed  lattice  parameter  of  the 
layer  material,  an ulx,  was  calculated  using  the  following 
equation: 

«rcIax  =  («±+2Ca||)/(l+2CX  (1) 

where  a±  is  the  lattice  parameter  perpendicular  to  the 
layer/substrate  interface,  a\\  is  the  lattice  parameter 
parallel  to  that  interface  and  C  —  (1  —  v)/(l  +  v),  where 
v  is  the  Poisson  ratio,  equal  to  0.311  for  GaAs. 


3.  Results  and  discussion 

The  Hall  and  SIMS  data  for  investigated  samples  are 
given  in  Table  1.  The  designations  correspond  to 
GaAs :  Be  with  different  Be  concentration. 

Beryllium  is  substitutionally  incorporated  into  the  Ga 
sublattice  where  it  becomes  an  acceptor.  A  decrease  of 
hole  concentration  with  decreasing  temperature  was 
observed  for  the  906  and  907  layers  (Table  1).  The 


Table  1 

Hall  and  SIMS  data  for  As-grown  GaAs :  Be  samples11 


Data 

Sample 

Np  (1019cm“3) 

300  K 

77  K 

cBc  (1019cm  3) 

903 

0.5 

0.5 

0.5 

905 

2.6 

2.7 

5 

906 

8 

7 

18 

907 

9.2 

5.8 

21.5 

a  Concentration  of  holes,  JVP,  and  beryllium  concentration, 
cBc,  at  300  and  77  K,  respectively. 


hole  concentration  at  77  K  was  the  same  as  the  Be 
concentration  in  the  Ga  sublattice.  However,  it  was  not 
possible  to  determine  the  nature  and  concentration  of 
deeper  acceptors  revealed  at  300  K.  It  is  necessary  to 
notice  that  similar  deep  acceptors  were  reported  earlier 
for  the  undoped  MBE  grown  GaAs  layers  [7]. 

As  it  follows  from  the  data  in  Table  1,  the  SIMS- 
detected  Be  concentration  was  higher  than  that  deter¬ 
mined  by  the  Van  der  Pauw  method.  It  means  that  the 
Be  concentration  in  the  GaAs :  Be  layers  was  higher  than 
that  corresponding  to  Be  incorporated  into  the  Ga 
sublattice.  That  additional  Be  atoms  occupy  interstitial 
positions  or  create  the  Be  composed  inclusions.  The 
similar  effect  was  reported  also  for  GaAs:  Si  [8].  In  the 
case  of  sample  907,  the  Be  concentration  in  the  Ga 
sublattice  was  lower  than  that  for  the  906  sample; 
however,  the  Be  concentration,  determined  by  SIMS, 
was  higher,  quite  opposite  to  before  mentioned  observa¬ 
tion.  It  means  that  the  creation  of  Be  inclusions  or/and 
of  Be  interstitials  is  not  directly  dependent  on  the  Be 
concentration. 

The  change  of  the  relaxed  lattice  constant  of  the  layer 
material  is  given  in  Table  2. 

For  all  investigated  layers,  the  parallel  lattice  constant 
of  GaAs:  Be,  a\\y  was  equal  to  the  lattice  constant  of 
GaAs  substrate.  However,  the  decreased  perpendicular 
and  relaxed  lattice  parameters  were  detected  for  all 
investigated  GaAs:  Be  layers  (the  lattice  constant  of 
GaAs  equals  to  5.65332  A).  The  relative  change  of  lattice 
parameter,  a ,  for  the  p-type  semiconductor  of  the  zinc 
blend  structure,  related  to  the  size  and  hole  concentra¬ 
tion  effects,  is  given  by  the  formula  [9-1 1] 

A  a/a  =  Md  +  PpNp,  (2) 

where  N<\  is  the  Be  dopant  concentration  in  the  Ga 
sublattice  (JVd  is  equal  to  the  hole  concentration  at 
77  K — see  Table  1),  Np  the  hole  concentration  in  the  top 
of  valence  band  (we  took  into  account  the  hole 
concentration  at  300  K — Table  1),  ps  and  pp  describe 


Table  2 

Decrease  of  calculated  and  experimentally  determined  relaxed 
lattice  parameter,  Aflrciax,  for  As-grown  GaAs :  Be  (in  compa¬ 
rison  to  «GaAs),  and  increase  of  the  lattice  parameter  after  the 
HT-HP  treatment,  A<3r'C]ax ,  in  comparison  to  lattice  parameter 
a  of  the  As-grown  GaAs :  Be  samples 


Samples 

As-grown 

Aa±0.5x  lO"4  (A) 

Exp.  Calc. 

After  HT-HP 
Aa'±0.5x  lO'4  (A) 

Exp. 

903 

-1 

-0.5 

<0.5 

905 

-3.7 

-3.8 

1 

906 

-8.6 

-10.1 

1.5 

907 

-6 

-9.2 

2 
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the  size  effect  (corresponding  to  the  Vegard  law)  and  the 
effect  of  presence  of  holes: 

A  =  4(«J  -  RJ/y/iaNu  =  2.03 x  lO"34,  (3) 

/Jp  =  D/3B  =  0.4978  x  10~34,  (4) 

where  A',  =  2.21  x  10"  cm  '  is  the  Ga  density  in  a  non- 
doped  GaAs.  R and  7?s  the  covalent  radii  of  Be  ( 1 . 1 1  A) 
and  of  Ga  (1.22  A),  respectively,  B  the  bulk  modulus  of 
GaAs.  equal  to  7.5  x  106N/cm"'2,  D  the  deformation 
potential  of  the  top  valence  band,  equal  to  0.7  eV. 

As  it  follows  from  Table  2,  the  experimentally 
detected  decrease  of  the  relaxed  lattice  constant  is 
smaller  than  that  calculated  from  the  formula  (2).  This 
effect  is  probably  caused  by  the  creation  of  Be-related 
defects.  If  such  Be  containing  inclusions  are  created 
during  the  layer  growth,  the  HT-HP  treatment  would 
influence  the  defect  structure  of  GaAs :  Be  and  so  the 
treatment-induced  lattice  parameter  changes  would  be 
observed. 

Indeed,  the  GaAs :  Be  samples  subjected  to  the 
HT-HP  treatment  indicate  an  increase  of  the  lattice 
parameters  (Table  2).  The  HT-HP  treatment,  due  to 
the  different  (in  respect  to  that  of  the  matrix  material) 
compressibility  and  thermal  expansion  of  the  Be 
containing  inclusions,  results  in  creation  of  additional 
defects  influencing  the  lattice  parameter  value.  It  is 
known  that,  at  sufficiently  severe  HT-HP  conditions, 
the  stress  at  the  precipitate/matrix  material  can  reach  the 
critical  value  for  emitting  dislocations  loops  and  other 
defects  [12]. 

Our  results  suggest  that  a  part  of  Be  atoms  create, 
during  the  GaAs:  Be  layer  growth,  some  Be  containing 
defects.  Just  their  presence  is  the  most  probable 
explanation  of  the  HT-HP  induced  effects  in  the 
GaAs:  Be  samples. 


4.  Conclusions 

The  Be  containing  defects  (inclusions  ?)  were  detected 
in  the  GaAs:  Be  samples  with  the  Be  concentration 
higher  than  2  x  10,9cm"\  The  increased  lattice  constant 


value  was  detected  for  GaAs :  Be  after  the  treatment  at 
870  K,  1.2GPa.  It  was  shown  that  effects  of  the  HT-HP 
treatment  can  be  considered  as  a  specific  indicator  of  the 
primary  defect  state  of  the  GaAs :  Be  samples. 
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Abstract 

Heavily  C-doped  GaAs  layers  grown  by  solid-source  molecular  beam  epitaxy  at  low  substrate  temperatures, 
195°C<  7g  <375°C,  are  investigated  using  infrared  absorption  measurements.  The  heavy  C-doping  (about 
2  x  10,9cm-3)  causes  a  compensation  of  the  strain  created  by  the  simultaneously  formed  As  antisite  defects,  AsGa. 
The  contents  of  AsGa  and  substitutionally  incorporated  carbon,  CAs,  are  determined  as  a  function  of  7g-  Additionally, 
for  7o<400°C  the  local  vibrational  mode  absorption  lines  of  four  C-containing  complexes  are  found.  These  lines, 
located  at  frequencies  around  1800  cm-1,  are  most  likely  due  to  C-C  stretching  modes.  For  7c<250°C  the  C- 
complexes  are  responsible  for  the  strain  compensation,  as  no  CAs  is  detectable.  After  annealing  at  600°C  the  content  of 
CAs  is  not  changed,  but  the  C-complexes  completely  disappear.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  LT-GaAs;  Carbon;  Local  vibrational  modes;  Molecular  beam  epitaxy 


1.  Introduction 

GaAs  grown  by  molecular  beam  epitaxy  (MBE)  at 
low  substrate  temperatures  (LT-GaAs)  has  gained 
increasing  interest  because  of  its  special  properties  which 
lead  to  a  wide  range  of  opto-electronic  applications 
[1-3].  Most  attractive  are  the  ultrashort  carrier  trapping 
times  and,  upon  annealing,  very  high  resistivities  [4,5]. 
These  properties  are  explained  by  the  presence  of  a  very 
high  content  of  AsGa  antisite  defects  formed  during  the 
growth.  Carrier  trapping  times  even  shorter  than  in 
undoped  material  are  expected  for  p-doped  LT-GaAs 
owing  to  the  higher  concentration  of  charged  antisite 
defects  [6,7].  Furthermore,  strain  compensation  is 
achievable,  as  the  lattice  expansion  created  by  the 
AsGa  can  be  compensated  by  the  lattice  contraction 
created  by  the  acceptors.  These  efforts  have  been 
concentrated  on  Be-doped  LT-GaAs  [8-10].  Compared 
to  carbon,  however,  Be  has  a  much  higher  diffusion 
coefficient  [11]  which  can  lead  to  undesirable  diffusion 
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and  precipitation  at  high  doping  levels  although  this 
might  be  less  pronounced  for  growth  at  low  tempera¬ 
tures  [6]. 

C  incorporation  in  LT-GaAs  has  been  studied  by  Liu 
et  al.  [12]  using  a  CBr4  gas  source.  They  found  that  the 
C-doping  is  unavoidably  accompanied  by  a  significant 
unfavorable  bromine  incorporation.  In  a  recent  paper 
[13]  we  have  investigated  the  C  incorporation  into  LT- 
GaAs  layers  grown  by  solid  source  MBE  at  different 
growth  temperatures  Tq  and  C  concentrations.  From 
double  crystal  X-ray  diffraction  (DCXRD)  measure¬ 
ments  on  LT-GaAs: C  with  p  =  2.5  x  10I9cm-3,  it  was 
derived  that  layers  grown  at  7o^220°C  are  almost 
lattice  matched  to  the  GaAs  substrate  [13].  The  good 
quality  of  these  layers  was  evidenced  by  the  interference 
fringes  appearing  in  the  X-ray  rocking  curves.  Below 
(above)  this  growth  temperature,  the  tensile  (compres¬ 
sive)  strain  produced  by  AsGa  and  CAs,  respectively,  is 
detected.  Here,  we  investigate  by  infrared  absorption 
measurements  on  such  LT-GaAs  :C  layers,  how  the 
incorporation  of  CAs  and  AsGa,  and  the  formation  of 
C-containing  complexes  depends  on  Tq  and  how  this  is 
affected  by  subsequent  annealing. 


0921-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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2.  Experimental  details 

Two  sets  of  LT-GaAs:C  samples  were  grown  by 
MBE  on  semi-insulating  GaAs(OOl)  substrates  at 
various  growth  temperatures  Tc„  between  195  and 
375:C.  The  C-concentrations  for  the  two  sets  as 
determined  from  Hall  effect  measurements  of  reference 
samples  grown  at  high  7c, ,  i.e.  550  C.  were  1.2  x  10,s 
and  2.5  x  I0,ycm  \  respectively.  Secondary-ion  mass 
spectroscopy  (SIMS)  revealed  that  the  total  carbon 
content  [Or]  is  apparently  larger  by  about  a  factor  of  4 
in  case  of  the  higher  doping  concentration,  but  most 
important,  it  remains  constant  when  TG  is  decreased. 

The  LT-GaAs:C  layers  with  a  thickness  of  about 
300  nm  were  deposited  with  a  growth  rate  of  0.5|.im/h 
after  growing  a  200  nm  thick  GaAs  buffer  layer  at 
570  C.  The  As4:Ga  BEP  ratio  was  about  20  to  have 
stable  arsenic  rich  conditions.  For  more  details  of  the 
sample  growth  we  refer  to  Ref.  [13].  One  piece  of  each 
sample  was  subsequently  annealed  in  the  growth 
chamber  at  600  C  for  20  min  under  As  overpressure. 
The  infrared  absorption  experiments  have  been  per¬ 
formed  with  a  Bruker  IFS  120  HR  Fourier-transform 
spectrometer  operating  with  spectral  resolutions  of 
0.2-2  cm  '1  with  the  samples  kept  at  T-  80  K  in  a 
cryostat. 


3.  Results  and  discussion 

In  Fig.  1  the  absorption  features  measured  at 
T=80K  on  LT-GaAs:C  layers  in  the  frequency  region 


Fig.  1.  Infrared  absorption  spectra  measured  at  on 

LT-GaAs:C  samples  grown  at  different  substrate  temperatures 
210  C<  7"g  <280  C.  Different  parts  arc  measured  on  samples 
grown  at  different  Tc,  to  show  all  investigated  vibrational 
absorption  lines.  The  inset  shows  the  correlation  between  the 
integrated  intensities  A  of  the  vibrational  absorption  lines  at 
793  and  1905cm 


from  the  two-phonon  cut-off  at  %550cm  1  up  to  the 
electronic  edge  of  GaAs  at  »  12  000cm  1  are  summar¬ 
ized.  These  spectra  were  measured  on  the  set  of  samples 
with  high  C  content  (/>  ==  2.5  x  I0l9cm“3).  At  high 
wavenumbers  the  broad  absorption  with  the  EL2-like 
spectral  shape  can  be  seen  which  is  due  to  electronic 
transitions  from  the  As(c;a  midgap  level  into  the 
conduction  band  of  GaAs  as  characteristic  for  LT- 
GaAs  [14].  This  absorption  allows  evaluating  the 
concentration  of  neutral  AsCia  antisite  defects  [As”*], 
using  the  known  photoionization  cross  sections  [15]  of 
AsCJa  in  single  crystalline  bulk  GaAs.  The  local 
vibrational  mode  (LVM)  absorption  line  at  582.5cm  1 
due  to  substitutional  carbon,  CAs.  can  be  well  detected. 
However,  in  contrast  to  bulk  GaAs  with  low  CAs 
content,  the  isotope  structure  due  to  the  surrounding 
fWGa  and  71Ga  is  not  resolved,  and  the  half-width  of  the 
line  is  larger  and  increases  with  decreasing  Tc, .  This 
broadening  is  probably  caused  by  strain  due  to  the 
presence  of  a  high  concentration  of  nonstoichiometric 
defects  in  LT-GaAs.  Nevertheless,  the  concentration  of 
C  atoms  on  arsenic  sites  [CAs]  can  be  determined  using 
the  calibration  factor  /  =  7  x  1015  cm"1  [16]  for  the 
integrated  intensity  of  the  LVM  absorption  line  at 
582.5cm 

The  concentrations  of  As?i;l  and  CAs  determined 
for  as-grown  layers  with  high  C  content  ( p  = 
2.5  x  10|ycm  3)  at  different  substrate  temperatures  TG 
are  shown  in  Fig.  2.  As  can  be  seen.  [As<ia]  increases 
strongly  with  decreasing  TG  in  the  same  manner,  as 


Tc  (°C) 


Fig.  2.  Concentration  of  arsenic  antisitc  defects  [As?,.,]  and 
substitutionally  incorporated  carbon  [CAs]  in  LT-GaAs  as  a 
function  of  the  growth  temperature  Tc,  for  as-grown  layers  (full 
symbols)  and  after  annealing  at  600  C  (open  symbols).  The  C 
concentration  corresponds  to  2.5  x  lO'^cm  \ 
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it  is  known  for  undoped  LT-GaAs  [5].  On  the  other 
hand,  below  TG  =  250°C  a  drastic  decrease  of  [CAs]  is 
observed.  A  qualitative  similar  behavior  is  found  for 
the  LT-GaAs  :C  layers  with  lower  C  content 
(p=  1.2  x  1018cm-3).  Annealing  at  600°C  reduces  the 
[Asca]  below  the  detection  limit  (here  <1019cm-3)  for 
all  Tq  in  the  same  manner  as  for  undoped  LT-GaAs. 
The  concentration  of  CAs,  however,  remains  unchanged 
after  annealing  at  600°C  for  all  samples.  This  is  expected 
(and  desired)  because  of  the  low  diffusion  coefficient  of 
C  in  GaAs  [11]  causing  C  to  be  immobile  at  this 
temperature. 

From  Fig.  1  it  can  be  seen  that  in  the  frequency  region 
from  700  to  2000  cm-1  additional  five  LVM  lines  with 
small  half  width  T  are  detected  for  low  7b,  never 
observed  before  in  LT-GaAs  or  bulk  GaAs.  Three  of 
them  are  quite  intense  (their  integrated  intensities 
are  comparable  with  that  of  CAs  at  7c>250°C)  and 
located  at  792.9cm-1  (T  =  1.5cm-1),  1859.0cm-' 
(r  =  4.8cm-1),  and  1905.3cm-1  (T  =  0.9cm-1).  The 
inset  in  Fig.  1  shows  that  the  intensities  of  the  narrow 
lines  at  793  and  1905  cm  1  are  correlated,  indicating 
that  they  are  caused  by  a  single  defect  called  C^T.  In 
Fig.  3  the  integrated  intensities  A  of  the  three  lines 
are  shown  as  measured  for  the  samples  grown  at 
different  To .  For  low  7b  <240°C  only  the  lines  of  defect 
C£t  are  measured  and  they  decrease  in  the  region 
240°C<  Tq  <375°C.  On  the  other  hand,  in  this  region  of 
Tg  the  line  at  1859  cm-1  grows  up,  which  is  obviously 
due  to  a  different  center  called  CfT.  The  dashed  line  for 
C[j  in  Fig.  3  means  that  for  7b  =  550°C  also  this  center 
was  not  detectable.  It  should  be  noted  that  C^T  is 


Fig.  3.  Integrated  intensities  A  of  the  vibrational  absorption 
lines  at  793,  1859,  and  1905  cm-1  measured  in  LT-GaAs  :C 
layers  grown  at  different  temperatures  Tg.  C  concentration  as 
in  Fig.  2. 


observed  also  in  the  LT-GaAs :  C  layers  with  lower  C 
content  (p=  1.2  x  1018cm-3),  but  the  intensity  of  the 
1905  cm-1  line  is  lower  by  a  factor  of  ^50  (T  amounts 
to  only  0.3  cm"1).  There  are  another  two  LVM  lines 
shown  in  Fig.  1  at  1721.8cm-1  (T  =  2.0cm-1)  and 
1751.9  cm-1  (T  =  3.5  cm"1)  which  are  detected  only  in 
samples  grown  at  To  <240°C.  Their  intensities  are 
smaller  by  a  factor  of  about  10  compared  with  the 
other  three  lines.  Annealing  at  600°C  causes  the 
complete  disappearance  of  all  the  five  LVM  absorption 
lines,  i.e.,  the  responsible  centers  are  destroyed  at  this 
temperature  without  any  detectable  increase  of  [CAs]. 

These  results  suggest  that  in  LT-GaAs  :C  grown  at 
7g<250°C  carbon  is  not  incorporated  substitutionally 
on  As  sites  but  in  the  form  of  at  least  three  different 
complexes  giving  rise  to  the  observed  LVM  absorption 
lines.  For  250°C<  7b<400°C  two  complexes  coexist. 
These  complexes,  however,  have  still  to  be  part  of  the 
GaAs  lattice,  as  they  contribute  to  the  strain  compensa¬ 
tion  as  derived  from  the  DCXRD  experiments  [13]. 
Especially  in  the  region  around  7g  =  220°C,  where 
complete  strain  compensation  is  observed,  this  compen¬ 
sation  must  arise  from  these  complexes  rather  than 
from  CAs.  The  formation  of  As  precipitates  seems  also 
to  be  affected  by  the  different  C  incorporation  since 
we  observe  As  precipitates  in  annealed  LT-GaAs  :C 
with  p  =  2.5  x  1019cm"3  for  7b  =  210°C  whereas  for 
7b  =  250°C  no  precipitates  could  be  resolved  by 
transmission  electron  microscopy. 

Concerning  the  structure  of  the  C  complexes  the 
following  arguments  must  be  considered.  They  certainly 
contain  C,  as  they  are  observed  only  in  C-doped  LT- 
GaAs.  Other  defects  must  be  involved  which  at 
r  =  600°C  can  diffuse  away  from  or  onto  the  complexes 
to  destroy  or  convert  them.  Due  to  the  high  content  of 
the  complexes  (several  1019cm"3),  these  defects  can  only 
be  AsGa,  interstitial  As*,  and  possibly  vacancies. 

As  for  the  assignment  of  the  vibrational  lines,  two 
types  of  bonds  are  possible  taking  into  account  the 
described  experimental  results.  First,  the  complexes 
consist  of  a  C-As  core,  i.e.,  the  C-As  vibration  is 
responsible  for  the  lines,  where  the  manifold  comes  from 
the  possibility  to  have  additional  defects  in  the 
neighborhood.  The  destruction  by  annealing  might  be 
explained  by  the  diffusion  away  of  As  to  form  As 
precipitates.  However,  there  are  experiments  [17]  and 
calculations  [18,19]  for  the  CAs-Asj  complex  in  bulk 
GaAs.  These  results  suggest  that  the  frequencies  of  the 
C-As  vibrations  are  around  600  cm-1,  i.e.,  considerably 
smaller  than  those  observed  here. 

Second,  the  complexes  consist  of  a  C-C  core  and  the 
lines  are  due  to  C-C  vibrations.  In  this  case,  the 
destruction  of  the  complexes  during  annealing  at  600°C 
by  C  diffusion  is  not  possible.  However,  AsGa  and/or  As; 
can  diffuse  at  this  temperature  onto  the  C-C  complexes 
forming  As-precipitates  containing  C-inclusions,  which 


826 


J.  Her  fort  et  al.  /  Physico  B  308  310  (2001)  823-826 


causes  also  a  disappearance  of  the  complexes.  The 
vibrational  frequencies  of  the  C-C  molecule  in  the  gas 
phase  are  around  1800cm  '1  [20].  In  highly  carbon 
doped  GaAs  [21]  and  AlAs  [22]  two  dicarbon  centers 
have  been  detected  by  Raman  scattering  with  their  C-C 
stretching  modes  around  1750  and  1856cm  These 
centers  were  interpreted  as  (C-C)As  complexes  having 
two  different  orientations.  Therefore,  the  frequencies  of 
the  absorption  lines  due  to  the  complexes  in  LT- 
GaAs :  C  are  quite  accurate  by  the  region  of  the  known 
C-C  vibrations.  This  suggests  that  most  probably  C-C 
complexes  with  slightly  different  surroundings  be 
formed  in  LT-GaAs:C  during  the  growth.  The  line  at 
793  cm' 1  can  be  interpreted  as  a  bending  mode  of  QjT 
with  its  stretching  mode  at  1905  cm  ’.  The  stretching 
modes  of  the  (C-C)As  complexes  in  GaAs  and  AlAs 
[21,22]  have  no  dipole  moment  and  are,  therefore, 
detectable  only  by  Raman  scattering.  In  LT-GaAs:C, 
however,  the  C-C  bonds  are  certainly  disturbed  by 
adjacent  intrinsic  defects  ( AsCii,,  As;,  vacancies)  which 
cause  a  redistribution  of  the  symmetric  electron  density 
around  the  C-C  bond,  so  that  a  dipole  moment  of  the 
C-C  vibrations  is  induced  and  they  become  infrared 
active.  Such  an  effect  has  been  convincingly  demon¬ 
strated  for  the  vibrations  of  the  H2  molecule  in  Si 
disturbed  by  interstitial  oxygen  [23], 
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Abstract 

Depth  distribution  and  annealing  behavior  of  deep  level  defects  in  epitaxial  n-GaAs  exposed  by  atomic  hydrogen 
treatment  are  investigated.  By  the  analysis  of  hydrogen-related  metastable  defect  M3/M4  and  EL2  center  depth  profiles 
it  is  shown  that  M3  defect  contains  one  hydrogen  atom  and  the  relation  of  M3  defect  with  EL2  is  quantitatively 
confirmed.  The  reversible  changes  of  space  charge  density  under  metastable  transition  are  revealed.  It  is  shown  that 
these  changes  are  determined  by  the  second  component  of  M4  defect  that  is  one  more  metastable  hydrogen-related 
defect  could  be  assumed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  nature  and  properties  of  metastable  M3/M4 
defects  firstly  observed  in  n-GaAs  grown  by  metal- 
organic  chemical-vapor  deposition  (MOCVD)  [1,2]  were 
extensively  studied  [3-7].  It  was  shown  that  these  defects 
are  hydrogen-related  [3]  and  that  their  formation 
correlates  with  the  existence  of  arsenic  antisite  [4]  or 
EL2  center  [5,6],  which  are  the  most  probable  precursors 
for  the  M3/M4  defects. 

In  spite  of  the  studies,  the  knowledge  concerning  the 
formation  and  behavior  of  M3/M4  defects  is  still 
incomplete.  So,  the  relationship  between  EL2  centers 
and  M3/M4  defects  was  not  quantitatively  supported.  In 
addition,  in  the  most  studies  the  concentration  of  M4 
defect  essentially  exceeds  that  of  M3  and  can  be  even 
higher  than  the  initial  EL2  concentration.  To  explain 
this  contradiction,  it  was  assumed  [6]  that  the  deep  level 
transient  spectroscopy  [8]  (DLTS)  peak  related  to  M4 
consisted  of  two  components.  Recently,  these  two 
components  were  separated  [7]  by  the  isothermal 
constant-capacitance-voltage  transient  spectroscopy 
(CCVTS)  [9].  One  of  these  components  was  assumed 
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to  be  the  second  metastable  state  of  M3  defect  while  the 
origin  of  other  one  is  unclear  up  to  now.  Moreover,  in 
the  mentioned  works  the  “average  concentration  over 
some  region”  was  used  for  the  comparison  of  M3,  M4 
and  EL2  concentrations  that  could  lead  to  wrong 
conclusions  if  the  defects  have  the  different  depth 
distribution.  To  avoid  the  confusions  and  to  obtain 
the  complete  picture  of  defect  transformations,  the 
accurate  depth  profiling  is  required. 

In  the  present  work,  the  depth  distributions  of  all 
electrically  active  deep  level  (DL)  defects  after  each  step 
of  sample  treatment  (hydrogenation,  reverse  bias  (RBA) 
and  zero  bias  annealing  (ZBA))  are  studied  by  DLTS 
and  capacitance-voltage  (CV)  profiling.  The  analysis  of 
depth  profiles  quantitatively  confirms  that  EL2  is  a 
precursor  for  the  M3  formation.  It  is  shown  that  the  M3 
center  contains  one  atom  of  hydrogen.  It  is  found  that 
changes  in  free  carrier  concentration  under  the  meta¬ 
stable  transition  are  determined  by  second  metastable 
component  of  M4  defect. 

2.  Experimental 

The  samples  of  Sn  doped  n-GaAs  with  the  carrier 
concentration  (4-5)  x  10l5cm~3  grown  by  the  metal- 
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organic  vapor-phase-epitaxy  (MOVPE)  on  (100)  n!- 
GaAs :  Te  substrates  were  used  for  atomic  hydrogen 
exposure.  Ohmic  contacts  were  made  by  the  electro¬ 
chemical  deposition  of  GeNi  +  Au  with  subsequent 
annealing  at  450'C  for  5  min.  Before  the  hydrogen 
treatment  a  native  oxide  was  removed  in  the  mixture 
NH4OH  :  H20  (1:5)  and  a  5  nrn  SiCL  film  was  deposited 
on  the  surface  to  avoid  the  direct  impact  of  hydrogen 
atoms.  The  samples  were  treated  in  atomic  hydrogen 
flow  produced  by  the  arc-reflected-discharge-based 
source  with  a  hollow  cathode  and  a  self-heating 
electrode  [10].  The  samples  were  placed  at  the  distance 
of  12cm  from  the  source  of  atomic  hydrogen  that 
prevents  a  surface  damage.  Sample  temperature  during 
the  treatment  was  200'C  or  300  C  (below  referred  to  as 
samples  2  and  3.  respectively)  and  the  exposure  time  was 
45 min.  The  Schottky  diodes  for  the  CV  and  DLTS 
measurements  with  an  area  of  1.95  x  1. 95  mnr  were 
formed  by  thermal  evaporation  of  Au  through  the 
windows  opened  in  SiCK  Control  samples  u'ere  made  by 
the  same  procedure  excluding  the  atomic  hydrogen 
treatment. 

Annealing  (400  K.  15  min)  under  10  V  reverse  or  zero 
bias  was  used  to  stimulate  the  transitions  between  the 
metastable  states  of  M3/M4  defect.  Depth  distributions 
of  all  DL  defects  were  controlled  by  the  DLTS 
technique.  To  avoid  defect  transformations  under  DLTS 
spectra  recording,  the  temperature  during  measurements 
did  not  exceed  310  K.  The  isothermal  capacitance 
transient  spectroscopy  (ICTS)  [11]  at  295  K  with 
following  computer  processing  of  capacitance  transient 
was  used  for  EL2  profiling.  The  changes  in  free  carrier 
concentration  profiles  were  controlled  by  the  CV 
technique. 


3.  Results  and  discussion 

3.1.  DL  defects  introduced  under  atomic  hydrogen 
treatment 

Two  DL  defects  with  energy  levels  £(  -0.39 eV  and 
£c  -0.80eV  are  found  in  the  DLTS  spectra  of  control 
sample  (Fig.  I,  curve  1).  The  deeper  level  corresponds  to 
well-known  EL2  center  while  the  shallower  one  is  similar 
to  EL5  [12].  Hydrogenation  leads  to  an  appearance  of 
three  DL  in  the  DLTS  spectra  while  the  EL2  peak 
amplitude  is  significantly  decreased.  The  most  promi¬ 
nent  of  arising  peaks  (£(— 0.54eV)  disappears  under 
following  RBA  while  the  other  large  peak  (£(— 0.29eV) 
appears  (Fig.  1,  curves  2.  3).  These  changes  are 
reversible  under  subsequent  ZBA  and  RBA.  Parameters 
and  behavior  of  these  traps  completely  correspond  to 
those  of  known  metastable  M3/M4  defects.  The  changes 
in  EL2  concentration  under  annealing  are  negligible  in 


Fig.  1.  DLTS  spectra  of  n-GaAs  samples  after  hydrogenation 
and  RBA.  1 — control  sample.  2 — after  hydrogenation  (sample 
3),  3— after  hydrogenation  and  RBA  (sample  3).  The  EL2  peak 
amplitude  after  hydrogenation  is  obtained  from  ICTS. 


comparison  with  the  EL2  decrease  due  to  hydrogena¬ 
tion. 

Concentrations  of  other  two  peaks  with  energy  levels 
£(—0.46 eV  and  £<  -0.19eV  (EX3  and  EX4  in  Fig.  1) 
are  found  to  decrease  with  a  depth  therefore  they  also 
could  be  associated  with  hydrogen.  But  because  of 
rather  small  concentration  and  annealing  behavior  re¬ 
vealed,  they  unlikely  participate  in  transformations  of 
EL2  and  M3/M4  defects  and  will  not  be  discussed  here. 

3.2.  Depth  profiles  of  DL  defects  in  hydrogenated  samples 

One  can  see  (Fig.  2a)  that  the  tails  of  M3  profiles  and 
a  depth  dependence  of  the  difference  between  the 
shallow  donor  concentrations  in  the  bulk  and  in  the 
hydrogenated  near-surface  layers  AN;i  for  both  type  of 
samples  (2  and  3)  can  be  approximated  by  the 
exponential  law.  As  shown  in  Ref.  [13],  if  the  hydrogen 
concentration  decays  exponentially  (that  is  often  the 
case  for  the  strong  hydrogen  capture),  the  tail  part  of 
hydrogen-related  defect  depth  distribution  is  described 
as  NH/ccexp(— /.y/£o),  where  NH,  is  the  concentration 
of  centers  containing  /  hydrogen  atoms,  y  is  the  depth 
from  the  surface,  £n  is  the  characteristic  length  of 
hydrogen  depth  distribution  in  the  crystal.  Since  £0  can 
be  estimated  from  the  distribution  of  ANj,  the 
comparison  of  hydrogen-related  defect  profile  with  that 
of  ANj  allows  to  derive  the  number  of  hydrogen  atoms 
in  the  complex. 

The  values  of  ANj  and  £n  in  the  samples  2  and  3  are 
different  (see  Fig.  2a).  But  for  the  both  samples  the 
slopes  of  the  M3  depth  profile  in  semi-logarithmic  scale 
are  close  to  that  of  corresponding  ANj  profiles.  Since 
shallow  donors  are  known  to  be  passivated  by  one 
hydrogen  atom  [14],  it  can  be  concluded  that  M3  center 
also  contains  one  hydrogen  atom. 
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Fig.  2.  Depth  profiles  in  as-hydrogenated  samples  2  and  3.  (a) 
M3  and  passivated  shallow  donors  ANd;  (b)  M3  and  the  EL2 
deficiency  caused  by  hydrogenation. 

As  seen  in  Fig.  2b,  the  EL2  deficiency  caused  by 
hydrogenation  (AEL2)  rather  well  coincides  with  the  M3 
depth  profile  for  the  samples  with  different  hydrogen 
profiles.  This  evidences  that  EL2  or  products  of  its 
dissociation  participate  in  the  M3/M4  formation  and 
quantitatively  confirms  the  conclusion  made  in  Refs. 
[5,6]. 

3.3.  Two  metastable  components  of  M4  defect 

As  seen  in  Fig.  3,  the  M4  concentration  essentially 
exceeds  that  of  M3  near  the  surface  but  this  difference 
comes  to  be  rather  small  at  higher  depths.  This 
corresponds  to  the  assumption  [6,7]  that  M4  consists 
of  two  components  which  below  will  be  referred  to  as 
M4a  (the  other  metastable  state  of  M3  defect)  and  M4b, 
and  shows  that  the  concentration  of  M4b  component 
also  decreases  with  the  depth.  Since  the  total  M4 
concentration  near  the  surface  is  higher  then  that  of 
EL2  in  the  control  sample  (see  Fig.  3),  M4b  defect  could 
not  be  related  to  EL2  center. 

It  is  found  that  the  reversible  changes  in  a  free  carrier 
concentration  accompany  the  metastable  transition 
(Fig.  4).  Under  RBA  when  M4  peak  appears  the  free 
carrier  concentration  is  increased  by  ANrba  (*)•  Under 
ZBA,  when  M4  peak  disappears  and  M3  peak  is 
recovered,  the  carrier  concentration  decreases  to  that 
before  RBA.  The  sum  of  ANrba  and  M3  depth  profiles 
well  coincides  with  the  profile  of  M4  (see  Fig.  3).  It 
brings  us  to  the  conclusion  that  the  changes  in  carrier 


Fig.  3.  Depth  profiles  of  M3  and  M4  defects  in  the  sample  3  in 
comparison  with  that  of  EL2  in  control  sample  and  with  the 
ANrba  profile  in  sample  3. 


Fig.  4.  The  reversible  changes  in  free  carrier  concentration  in 
hydrogenated  n-GaAs  under  the  metastable  transition. 


concentration  under  metastable  transition  are  deter¬ 
mined  by  the  M4b  component.  It  should  be  noted  that 
the  metastable  behavior  of  charge  density  was  observed 
in  Ar-plasma-irradiated  n-GaAs  [15]  but  no  correlation 
with  the  changes  in  DL  spectra  was  established. 

The  analysis  of  the  possible  (donor  or  acceptor) 
nature  of  the  regarded  defects  based  on  value  and  sign  of 
ANrba  gives  an  additional  information  about  the 
second  metastable  state  of  M4b.  As  M3  was  identified 
as  a  donor  [2,7],  two  possible  models  satisfy  our 
experimental  data.  If  both  M4a  and  M4b  defects  are 
donors,  then  the  second  metastable  state  of  M4b  (let  us 
call  it  M3b)  is  electrically  neutral,  i.e.  it  is  electrically 
inactive  or  has  a  donor  level  in  the  lower  half  of  the  gap. 
If  M4a  is  a  donor  and  M4b  is  an  acceptor,  then  M3b 
should  be  an  acceptor  with  the  energy  level  in  the  lower 
half  of  the  gap  that  leads  to  a  compensation  of  shallow 
donors.  Taking  into  account  that  one  of  the  M4  defect 
components  was  shown  to  be  a  donor  while  the  other 
one  an  acceptor  [7],  the  second  model  looks  more 
preferable. 


830 


O.A.  Sultanovich  et  af.  /  Physica  B  308  310  (2001)  827  -830 


Thus,  the  existence  of  another  metastable  hydrogen- 
related  defect  different  from  M3/M4a  could  be  assumed. 
This  defect  is  revealed  as  M4b  in  one  state  and,  more 
probably,  has  an  acceptor  DL  in  the  lower  half  of  the 
gap  in  the  other  one.  The  depth  profile  of  M4b 
component  obtained  as  difference  of  M4  and  M3  defect 
depth  distributions  is  steeper  than  that  of  M3.  Thus, 
M4b  should  contain  more  than  one  hydrogen  atom. 

4.  Conclusion 

New  data  concerning  metastable  hydrogen-related 
defects  M3/M4  are  obtained  from  the  analysis  of  the 
results  of  DLTS  and  CV  profiling.  It  is  shown  that  M3 
defect  contains  one  hydrogen  atom  and  that  EL2  defect 
or  products  of  its  dissociation  participate  in  formation 
of  M3.  The  reversible  changes  of  free  carrier  concentra¬ 
tion  under  metastable  transition  are  revealed.  It  is 
shown  that  these  changes  are  associated  with  the 
changes  in  the  M4b  component  charge  state  and  the 
existence  of  one  more  metastable  hydrogen-related 
defect  can  be  assumed. 
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Abstract 

We  have  investigated  the  simultaneous  diffusion  of  Zn  and  Ga  in  a  69 GaAs/71  GaAs  isotope  multilayer  structure  at 
temperatures  between  618°C  and  714°C.  Diffusion  profiles  of  Zn,  69Ga,  and  71  Ga  were  measured  with  secondary  ion 
mass  spectrometry.  Accurate  modeling  of  the  simultaneous  diffusion  of  Zn  and  Ga  is  achieved  on  the  basis  of  a  Ga 
vacancy  and  Ga  interstitial  controlled  mode  of  Zn  diffusion.  This  result  is  at  variance  with  the  generally  accepted  model 
of  Zn  diffusion  via  Ga  self-interstitials.  We  discuss  the  consequences  of  our  approach  against  the  background  of  Zn  and 
Cd  diffusion  experiments  performed  earlier.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Ji;  66.30.Dn;  66.30.Hs;  66.30. Jt 

Keywords:  Gallium  arsenide  isotope  structure;  Gallium  self-diffusion;  Zinc  diffusion;  Zinc-induced  interdiffusion 


1.  Introduction 

Following  the  conclusions  of  Gosele  and  Morehead 
[1]  and  more  recent  results  of  Yu  et  al.  [2]  and  Bosker 
et  al.  [3],  Zn  diffuses  in  GaAs  via  the  kick-out 
mechanism 

Zn+^Zn^  +  I^  (1) 

Zn7,  Zn^,,,  and  denote,  interstitial  Zn,  Zn  occupy¬ 
ing  a  Ga  lattice  site,  and  a  Ga  self-interstitial, 
respectively,  with  charge  states  indicated  by  the  corre¬ 
sponding  superscripts.  In  addition  to  a  contribution  of 
I^+,  a  contribution  of  1^  was  proposed  by  Bosker  et  al. 

[3]. 

The  research  effort  aimed  at  understanding  the 
diffusion  behavior  of  Zn  stems,  in  part,  from  the 
discovery  of  Zn-induced  disordering  of  AlAs/GaAs 
superlattice  structures  [4].  A  qualitative  simulation  of 
Zn-induced  interdiffusion  of  AlAs/GaAs  layers  on  the 


*Corresponding  author.  Tel:  +49-251-833-9004;  fax:  +  49- 
251-833-8346. 

E-mail  address:  bracht@uni-muenster.de  (H.  Bracht). 


basis  of  reaction  (1)  has  been  performed  by  Zimmer- 
mann  et  al.  [5].  These  authors  concluded  that  the 
enhanced  Al-Ga  interdiffusion  is  mainly  caused  by  the 
increase  in  the  equilibrium  concentration  of  with 
increasing  Zn  doping.  However,  a  more  quantitative 
analysis  of  Zn-induced  AlAs/GaAs  layer  disordering  is 
difficult  because  the  Al-Ga  interdiffusion  is  concentra¬ 
tion-dependent  [6].  Moreover,  little  is  known  about  Zn 
diffusion  in  AlAs.  These  drawbacks  are  overcome  by 
studying  Zn  diffusion  in  69 GaAs/71  GaAs  multilayer 
isotope  structures. 


2.  Experimental 

An  undoped  GaAs  isotope  superlattice  with  10 
periods  of  69  GaAs/71  GaAs  layers  was  grown  by 
molecular  beam  epitaxy  on  a  semi-insulating  GaAs 
substrate  at  580°C.  The  thickness  of  each  GaAs  isotope 
layer  is  about  45  nm.  Rectangular  samples,  1  x 
3-4  mm2  in  size,  were  cut  and  rinsed  in  organic 
solvents,  etched  in  diluted  HC1  and  purged  with 
deionized  water.  The  isotope  samples  were  placed  on  a 
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polished  semi-insulating  GaAs  carrier  wafer  and  sealed 
in  evacuated  quartz  ampoules  together  with  about 
30  mg  of  a  Ga-Zn  alloy.  Alloys  with  10  and  20  at% 
Zn  were  used  as  diffusion  source  to  alter  the  Zn  partial 
pressure  and  hence  the  concentration  of  Zn  at  the 
sample  surface.  Diffusion  anneals  were  performed  at 
temperatures  between  61 8'  C  and  714  C.  The  tempera¬ 
ture  was  controlled  with  an  accuracy  of  +2  K.  The 
diffusion  process  was  terminated  by  rapidly  cooling  the 
ampoule  with  water  down  to  room  temperature.  After 
annealing  the  surface  of  the  samples  remained  specular. 

Concentration  profiles  of  Zn,  69Ga,  and  71Ga  were 
measured  with  secondary  ion  mass  spectrometry  (SIMS) 
(CAMECA  IMS-3f)  using  a  Cs^  ion-beam  with  an 
energy  of  about  2  keV.  The  depths  of  the  craters  left 
from  the  SIMS  analysis  were  measured  with  a  surface 
profilometer  with  an  accuracy  of  about  10%.  The 
secondary  ion  counts  of  Zn.  69 Ga  and  7|Ga  were 
converted  into  concentrations  taking  into  account 
Zn-implanted  GaAs  calibration  standards  and  the 
known  compositions  of  the  stable  Ga  isotopes  in 
natural  GaAs.  Additionally,  the  Zn-diffused  GaAs 
carrier  wafers  were  analyzed  with  electrochemical 
capacitance  voltage  (ECV)  profiling  to  determine  the 
maximum  Zn-doping  level. 


3.  Experimental  results 

Fig.  1  shows  concentration  profiles  of  Zn  and  Ga  after 
annealing  at  666  C  for  180  min  utilizing  a  10%  Ga-Zn 
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depth  (nm> 


Fig.  1.  Concentration  depth  profiles  of  (O),  71  Ga  (□) 
and  Zn  (  +  )  measured  with  SIMS  after  diffusion  of  Zn  in  a 
GaAs  isotope  hetcrostructurc  at  666  C  for  180  min  utilizing  a 
10  at%  Ga  Zn  alloy  source.  The  concentration  of  electrically 
active  Zn  (x)  measured  by  means  of  ECV  profiling  is  shown  for 
comparison.  For  clarity  only  very  second  data  point  is  plotted. 
The  solid  lines  represent  simulations  of  Zn  and  Ga  diffusion 
which  were  performed  on  the  basis  of  reactions  (2)  (4).  The 
inset  shows  the  whole  Zn  profile  with  a  penetration  depth  of 
about  2.3  jim.  The  dashed  line  represents  a  simulation  of  Zn 
diffusion  on  the  basis  of  reaction  (1). 


source.  Within  experimental  accuracy  the  concentra¬ 
tions  of  total  and  electrically  active  Zn  are  identical. 
Similar  Zn  and  Ga  profiles  were  obtained  after  diffusion 
at  618  C,  666  C  and  714  C.  All  Zn  profiles  exhibit  a 
kink-and-tail  shape  (see  inset  of  Fig.  1).  Enhanced  Ga 
diffusion  is  only  observed  across  the  near-surface  kink  of 
the  Zn  profile. 


4.  Discussion 

In  accord  with  earlier  Zn  diffusion  studies  [2.3],  we 
attempted  to  describe  the  simultaneous  diffusion  of  Zn 
and  Ga  on  the  basis  of  reaction  (1).  Partial  differential 
equations  which  consider  the  diffusion  and  reaction  of 
the  point  defects  involved  and  a  differential  equation  for 
Ga  diffusion  were  solved  numerically.  Assuming  that 
under  the  considered  Zn-doping  conditions  I^r  mainly 
controls  Ga  diffusion,  the  experimental  Ga  profiles 
could  be  reproduced  (not  shown  in  Fig.  1).  However,  the 
calculated  Zn  profile  only  describes  the  near-surface 
kink  of  the  experimental  profile.  The  profile  tail  at  Zn 
concentrations  of  about  10ls  cm"3  and  below  is  not 
reproduced  (see  dashed  line  in  Fig.  1).  All  experiments 
were  first  analyzed  on  the  basis  of  reaction  (1),  although 
it  is  obvious  that  the  Zn  profiles  cannot  be  completely 
described.  Solid  symbols  in  Fig.  2a  and  b  show  the  l£r- 
and  Zn-related  diffusion  coefficients,  respectively,  ob¬ 
tained  from  this  analysis.  Fig.  2a  reveals  that  the  I(~j2 
contribution  to  Ga  self-diffusion  (see  solid  circles)  is  in 
good  agreement  with  results  reported  by  Yu  et  al.  [2]  (see 
lower  solid  and  dashed  line).  This  may  indicate  that  the 
Zn  profiles  analyzed  by  Yu  et  al.  actually  also  have  an 
extended  tail.  Unfortunately,  this  cannot  be  verified 
because  the  profiles  analyzed  by  Yu  et  al.  extend  only  to 
concentrations  of  10ls  cm"3. 

Fig.  2b  illustrates  that  the  Zn  diffusion  coefficients 
(see  solid  square)  which  were  obtained  on  the  basis  of 
reaction  (1)  systematically  deviate  from  literature  data 
(see  solid  and  dashed  line).  This  deviation  shows  that  Zn 
diffusion  is  systematically  underestimated  in  the  case 
when  the  tail  of  the  experimental  Zn  profile  is  ignored. 

Kink-and-tail  profiles  of  Zn  are  known  to  develop 
in  the  very  high  Zn  concentration  region  (Czn> 
102il  cm”3).  These  profiles  are  associated  with  the 
formation  of  voids  and  interstitial-type  dislocation  loops 
[2,8-11].  After  Zn  diffusion  the  dopant  concentration 
profile  in  our  isotope  samples  looks  similar  to  the  profile 
of  Zn-diffused  natural  GaAs  samples  which  contain  no 
voids  or  dislocation  loops  [3].  These  profiles  given  by 
Bosker  et  al.  [3]  also  reveal  a  kink-and-tail  shape 
although  no  extended  defects  were  detected.  The  authors 
proposed  that  Zn  diffusion  is  controlled  not  only  by  I^r 
but  also  by  1^  and  they  could  fit  their  experimental 
profiles  fairly  well.  However,  a  major  drawback  of  their 
diffusion  model  is  that  the  high  equilibrium  concentra- 
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Fig.  2.  Temperature  dependence  of  (a)  Vgh  and  lea  contribu¬ 
tions  to  Ga  diffusion  and  (b)  Zn  diffusion  in  GaAs.  Data  were 
obtained  from  modeling  the  simultaneous  diffusion  of  Zn  and 
Ga  in  isotope  heterostructures  and  from  fitting  the  Zn  profile 
shown  in  Fig.  3.  All  data  were  reduced  to  electronically  intrinsic 
conditions  and  an  AS4  pressure  of  1  atm.  (a):  (thin  solid  line: 

[2],  •:  this  work),  Iq.,  (O:  this  work),  Vj.,  (x:  this  work),  and 
Vja  (  + :  this  work)  contributions  to  Ga  diffusion  in  comparison 
to  the  direct  measured  Ga  diffusivity  (thick  solid  line:  [7]).  (b): 
Zn  diffusivity  obtained  from  modeling  Zn  diffusion  on  the  basis 
of  reaction  (1)  (H)  or  reactions  (2)-(4)  (□).  Solid  and  dashed 
lines  represent  the  Zn  diffusivity  under  isoconcentration 
conditions  [2], 

tion  of  I^J,  which  is  required  to  reproduce  the  tail  of 
the  Zn  profile,  leads  to  almost  complete  electrical 
compensation  of  the  Zn  acceptors  near  the  diffusion 
front  [3].  Had  the  authors  considered  compensation,  the 
calculated  Zn  profile  would  not  be  as  steep  at  the 
diffusion  front  as  the  profile  observed  experimentally. 

Systematic  simulations  of  Zn  diffusion  show  that 


kink-and-tail  profiles  can 
ZnGfl  +  2h^Zn++V'La, 

be  described  by 

(2) 

ZnGa  +  3h^Zn++V+a, 

(3) 

Zn5a  +  I°Ga-Z<-2h- 

(4) 

V°Ga,  V+a,  I°Ga,  and  h 

denote  neutral 

and  singly 

positively  charged  Ga  vacancies,  neutral  Ga  self-inter¬ 
stitials,  and  holes,  respectively.  On  the  basis  of  this 
model  the  kink-and-tail  Zn  profile  as  well  as  the 
interdiffusion  of  the  69 GaAs/71  GaAs  layers  are  repro¬ 
duced  as  demonstrated  by  the  solid  lines  in  Fig.  1. 
Moreover,  this  approach  solves  the  compensation 


problem  associated  with  the  I^’3+  controlled  diffusion 
mode  proposed  by  Bosker  et  al.  [3,12]  for  Zn  and  Cd 
diffusion  in  GaAs  whose  diffusion,  as  shown  in  Fig.  3,  is 
also  accurately  described  by  reactions  (2)-(4).  On  the 
basis  of  this  approach  the  near  surface  kink  is  a 
consequence  of  a  Vq.,  and  Vj^  controlled  mode  of 
dopant  diffusion  whereas  the  tail  of  the  profiles  is 
determined  by  l°G.d.  Accordingly,  the  interdiffusion  of  the 
69GaAs/71GaAs  layers,  which  is  limited  to  the  near¬ 
surface  kink  of  the  Zn  profile  (see  Fig.  1),  should  be 
controlled  by  YGd  and  Vq.,. 

In  order  to  test  the  consistency  of  our  Zn  diffusion 
model,  the  values  obtained  from  fitting  our  experimental 
profiles  are  shown  in  Figs.  2a  and  b  in  comparison  to 
data  from  Ga  self-diffusion  and  Zn  diffusion  under 
isoconcentration  conditions,  respectively.  Based  on  the 
generally  accepted  interpretation  that  Ga  diffusion  in 
intrinsic  GaAs  is  mainly  controlled  by  Ga  vacancies  [7], 
the  Iq3  component  of  Ga  diffusion  is  lower  than  Ga  self¬ 
diffusion.  Fitting  of  the  Zn  and  Cd  profiles  shown  in 
Fig.  3  yields  values  for  the  IGa  component  of  Ga 
diffusion  which  are  mutually  consistent  within  a  factor 
of  3.  Moreover,  Fig.  2b  indicates  that  the  Zn  diffusivity 
is  in  excellent  agreement  with  data  of  Zn  diffusion  under 
isoconcentration  conditions.  However,  the  Vqh  and  Vq., 
components  which  were  obtained  from  fitting  the 
simultaneous  diffusion  of  Zn  and  Ga  in  the  GaAs 
isotope  superlattice  exceed  Ga  self-diffusion  (see 
Fig.  2a).  On  the  other  hand,  data  for  these  components 
used  to  model  the  Zn  and  Cd  profiles  for  As-rich 
conditions  shown  in  Fig.  3  are  in  acceptable  agreement 
with  Ga  self-diffusion  whereas  the  Cd  profile  for  Ga-rich 
condition  yields  aV°Ga  component  which  is  two  orders 
of  magnitude  higher  than  the  value  for  As-rich  condi¬ 
tions.  This  shows  that  the  VGa  component  of 
Ga  diffusion  deduced  from  Zn  diffusion  under  Ga-rich 
conditions  and  reduced  to  standard  conditions  (electro¬ 
nically  intrinsic  conditions  and  an  AS4  pressure  of  1  atm) 
exceeds  the  data  for  the  directly  measured  Ga 


Fig.  3.  Concentration  depth  profiles  of  Zn  after  annealing  at 
906°C  for  29  h  under  an  AS4  pressure  of  0.5  atm  [3]  and  of  Cd 
after  annealing  at  907°C  for  7  d  under  Ga-rich  (x)  and  As-rich 
(  +  )  ambients  [12],  Solid  lines  represent  best  fits  on  the  basis  of 
reactions  (2)-(4). 
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se!f-d illusion.  This  finding  is  taken  as  an  evidence  that 
reactions  (2)— (4)  very  likely  not  represent  the  actual 
mechanisms  which  control  the  interference  between  Zn 
and  Ga  diffusion  and  the  diffusion  of  Zn  and  Cd  in 
GaAs  although  these  reactions  provide  a  remarkable 
good  fit  to  the  experimental  profiles.  It  is  noteworthy 
that  our  approach  also  describes  the  diffusion  profiles  of 
Zn  in  GaSb  [13]  and  GaP  [14]  more  accurately  than 
reaction  (1).  However,  Zn  diffusion  in  GaSb  is 
accurately  described  by  reaction  (4)  only  yielding  data 
for  the  Iq;i  component  of  Ga  diffusion  which  are 
consistent  with  the  directly  measured  Ga  diffusion 
coefficients  [13].  On  the  other  hand,  modeling  of  Zn 
diffusion  in  GaP  on  the  basis  of  reactions  (2)  to  (4)  yields 
V?ia  and  vcia  components  which  also  exceed  data  for  Ga 
diffusion  in  GaP  [14]. 


5.  Conclusions 

Accurate  modeling  of  the  interference  between  Zn  and 
Ga  diffusion  in  GaAs  isotope  heterostructures  and  of 
recent  Zn  and  Cd  diffusion  profiles  given  in  the  literature 
suggests  that  Vjia,  VGil  and  I”,a  rather  than  ijr  and  I2.;, 
control  Zn  and  Cd  diffusion.  On  the  basis  of  this  model, 
the  Zn-induced  interdiffusion  of  69GaAs/7lGaAs  layers 
seems  to  be  controlled  by  Vjis|  and  V(i;1.  However,  the 
V(;a  and  Vc-ja  contributions  to  Ga  diffusion  exceed  the 
data  for  Ga  self-diffusion  even  after  a  reduction  to 
standard  conditions  whereas  corresponding  data  for  I<Ja 
are  consistent  with  Ga  self-diffusion.  The  physical 
reason  for  this  deviation,  which  appears  to  be  limited 
to  Ga-rich  and  heavy  p-type  doping  conditions,  is  not 
yet  known  but  indicates  that  the  proposed  diffusion 
model  needs  to  be  improved.  An  improved  model  can  be 
based  on  reactions  similar  to  those  considered  in  this 
paper  but  may  involve  e.g.  VGaVAs  or  ZnV  defect  pairs 
or  even  more  complex  defects.  Although  a  consistent 
interpretation  of  Zn  diffusion  in  GaAs  is  not  yet  evident, 
our  results  on  the  interference  of  Zn  and  Ga  diffusion 
put  the  earlier  interpretation  of  Zn  and  Cd  diffusion 
in  GaAs  into  question  and  will  stimulate  further 
investigations. 
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Abstract 

Two  sharp  vibrational  absorption  lines  at  3079.2  and  983.3  cm-1  are  investigated,  occurring  in  semi-insulating  LEC- 
grown  GaAs  with  their  intensities  strictly  correlated.  After  doping  with  deuterium,  two  additional  correlated  lines 
appear  at  2288.3  and  729.1  cm-1.  These  lines  are  due  to  the  stretching  and  wagging  mode  of  a  single  hydrogen  (or 
deuterium)  atom  bonded  to  a  light  impurity  atom,  most  probably  oxygen.  Illumination  with  sub-band  gap  light  at 
T<  100  K  results  in  a  decrease  of  the  intensity  of  the  four  lines  and  the  simultaneous  appearance  of  four  new  ones.  This 
effect  is  explained  as  due  to  the  recharging  of  the  hydrogen  centre  by  capturing  photogenerated  holes.  The  centre  forms 
an  electronic  level  in  the  gap  between  Ev  and  about  Ev  +  0.5  eV.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.-Y;  63.20.Pw;  78.30.Fs 

Keywords:  GaAs;  Hydrogen;  Deuterium;  Vibrational  modes 


1.  Introduction 

Hydrogen  is  a  residual  impurity  in  the  III-V  materials 
grown  by  the  liquid  encapsulation  Czochralski  (LEC) 
technique.  The  LEC-GaAs  crystals  with  diameters  up  to 
6  in  are  grown  for  semi-insulating  substrates  used  in  the 
production  of  microelectronic  devices.  The  synthesis  and 
growth  of  the  GaAs  also  imply  the  unavoidable  presence 
of  further  light-element  impurities  such  as  carbon, 
boron,  nitrogen,  and  oxygen  in  the  grown  material. 
The  origin  of  hydrogen  in  the  material  is  the  water- 
containing  boric  oxide  (B203)  encapsulant. 

By  the  FT-IR  spectroscopy,  several  vibrational 
absorption  lines  have  been  detected  on  LEC-GaAs  in 
the  frequency  region  above  3000  cm-1  [1,2].  The  high 
frequencies  indicate  that  the  stretching  modes  of  bonded 
hydrogen  must  be  responsible  for  these  lines.  One  of 
these  lines  at  3300.0  cm-1  ( T  =  7K)  could  be  identified 
as  due  to  an  (O  — H)  centre  by  the  detection  of  the  lsO- 
isotope  satellite.  This  O  —  H  bond  can  orient  along  two 


*Corresponding  author.  Fax:  +49-30-20377-515. 
E-mail  address:  ulrici@pdi-berlin.de  (W.  Ulrici). 


nonequivalent  crystallographic  directions  as  derived  from 
uniaxial-stress  experiments  [1],  Another  two  lines  at 

3235.2  and  3108.0cm-1  have  been  tentatively  assigned 
to  two  centres  with  hydrogen  bonded  to  interstitial 
oxygen  (Oj)  because  of  the  nearly  identical  properties  with 
two  lines  found  in  GaP  [3]  and  the  same  structure  of  the 
O;  centres  in  GaAs  and  GaP  [4,5]. 

The  most  important  experiment  to  clarify  the  nature  of 
a  hydrogen-containing  centre  is  the  additional  doping 
with  deuterium.  The  appearance  of  the  isotope-shifted 
deuterium  line  proves  the  hydrogen  identity,  and  the 
number  of  the  additional  lines  gives  information  about  the 
number  of  hydrogen  atoms  involved  in  the  centre.  In  this 
paper,  we  investigate  the  vibrational  absorption  line  at 

3079.2  cm-1  (line  4  in  Ref.  [1])  and  the  associated  wagging 
mode,  their  deuterium  analogues,  and  the  photoinduced 
recharging  of  the  responsible  hydrogen  centre. 


2.  Experimental  details 

The  undoped  semi-insulating  GaAs  samples  were 
grown  by  the  LEC-technique  from  p-BN  crucibles  under 
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N:  or  argon  inert  gas.  Additionally,  undoped  poly¬ 
crystalline  GaAs  was  investigated,  which  has  been 
synthesized  in  a  separate  high-pressure  equipment  using 
p-BN  crucibles  under  70  bar  N2  or  Ar  inert  gas.  In  order 
to  introduce  deuterium  into  the  ingots,  the  boric  oxide 
encapsulant  was  wetted  with  heavy  water  in  both  kinds 
of  preparation.  In  this  study,  mainly  those  samples  were 
investigated  containing  the  isolated  interstitial  oxygen 
(Oj)  [4]  and  the  off-centre  substitutional  oxygen  (oc-0As) 
[6]  impurities  with  an  amount  of  about  10,5-10l6cm  \ 
The  infrared  absorption  experiments  have  been  per¬ 
formed  with  a  Bruker  IFS  120  HR  Fourier-transform 
spectrometer  operating  with  resolutions  of  0.02- 
0.1cm  '.  The  samples  were  held  at  7=  7  or  80  K  in 
an  Oxford  Instruments  cryostat  Optistat(  1 . 


3.  Vibrational  modes 

In  Fig.  la.  the  very  narrow  vibrational  absorption  line 
at  3079.2cm'  1  is  shown  together  with  a  vibrational  line 
at  983.3cm  which  has  also  been  reported  earlier  in 
Refs.  [1,7].  Fig.  2  demonstrates  that  the  integrated 
intensities  A  of  both  lines  are  strictly  correlated, 
indicating  that  both  lines  are  caused  by  the  same  centre. 
The  intensity  ratio  m2  and  their  frequency 

ratio  of  about  0.3  suggest  that  these  two  lines  are  the 


A,h?,,(#).  A::ss(b)  (I0"W2) 


Fig.  2.  The  correlation  between  the  integrated  intensities  A  of 
the  3079  and  983  cm  1  H-lincs  (circles)  and  the  2288  and 
729cm  1  D-lines  (squares).  The  points  represent  different 
samples. 


Fig.  1.  The  infrared  absorption  spectra  measured  at  7  =  7K 
on  the  GaAs :  H  (a)  and  the  GaAs :  H  :  D  (b). 


stretching  mode  (3079  cm  ')  and  the  twofold  degenerate 
wagging  mode  (983  cm  ')  of  a  bonded  hydrogen  atom 
located  in  an  antibonding  position.  To  check  this 
assumption,  GaAs  samples  containing  both  hydrogen 
and  deuterium  were  investigated.  In  addition  to  the 
mentioned  lines  at  3079  and  983  cm  \  two  new  lines  are 
measured  on  the  GaAs:H:D  samples  at  2288.3  and 
729.1  cm  1  (see  Fig.  lb).  These  lines  are  assigned  to  the 
corresponding  stretching  and  wagging  mode  of  D 
replacing  H  in  the  centre  as  can  be  derived  from  their 
frequency  ratio  r  =  <w(H)/w(D)ar  1.347  (see  Table  1)  and 
from  the  correlation  of  the  integrated  intensities 
Ani)  /  A22**  xt  4  (see  Fig.  2).  The  result  that  in  the 
GaAs :  H  :  D  samples  only  two  D-modes  are  measured 
besides  the  two  H -modes  proves  that  the  centre 
responsible  for  these  lines  contains  only  a  single 
hydrogen  atom.  The  rather  low  r- values  indicate  that 
the  H(D)  atom  cannot  be  bonded  to  lattice  atoms  (Ga  or 
As),  but  must  be  bonded  to  a  light  impurity  atom  Z  with 
a  mass  M/< 20amu.  The  centre  is  provisionally  labelled 
(Z  — H).  The  lines  at  3079,  2288.  and  983cm"1  could  be 
measured  up  to  T  =  300K  proving  their  vibrational 
nature.  Whereas  the  H-  and  D-  stretching  modes 
shift  only  very  weakly  (do;/d7^1  x  10“3K 'em"1), 
the  frequency  of  the  H-wagging  mode  exhibits  a 
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Table  1 

The  maximum  frequencies  cu  and  half- widths  r  of  the  absorp¬ 
tion  lines  due  to  the  stretching  (top)  and  wagging  modes 
(bottom)  of  the  (Z— H)  centre  measured  at  T  —  7K.  The  data 
for  (Z— H)*  are  those  of  the  photoinduced  recharged  state 


Mode 

o)  (cm  *) 

r  (cm-1) 

r  =  co(H)/m(D) 

Z-H 

3079.2 

0.04 

N 

1 

B 

* 

3099.0 

0.25 

Z-D 

2288.3 

0.20 

1.3456 

(Z-D)* 

2301.9 

0.15 

1.3463 

Z-H 

983.3 

0.05 

(Z-H)* 

972.5 

0.3 

Z-D 

729.1 

0.4 

1.3488 

(Z-D)* 

723.6 

1 

1.344 

considerable  shift  to  lower  energies  (dco/dF  = 
-1  x  10-2  K-1  cm”1). 

Illumination  of  the  samples  with  light  at  low 
temperatures  (<100K)  results  in  a  decrease  of  the 
intensity  of  the  four  absorption  lines.  Simultaneous  to 
this  decrease,  a  set  of  four  new  lines  appears  at  slightly 
shifted  frequencies  summarized  in  Table  1.  This  effect 
has  already  been  reported  for  the  H-lines  in  Refs.  [1,8]. 
The  r-values  for  the  lines  appearing  under  illumination 
are  the  same  as  those  in  the  dark  confirming  that  the 
new  lines  are  due  to  a  photoinduced  state  called 
(Z  —  H)*.  It  has  to  be  clarified  whether  (Z  —  H)*  is  a 
different  charge  state  or  a  metastable  excited  state  of 
(Z  — H).  The  decrease  of  the  integrated  intensity  of  the 
(Z  — H)  and  (Z  — D)  lines  under  illumination  {A\\\)  was 
measured  as  a  function  of  the  photon  energy  hvexc.  This 
decrease,  normalized  to  the  line  intensity  Ada rk  measured 
in  the  dark,  is  shown  in  Fig.  3  investigated  on  two  types 
of  samples  with  different  positions  of  the  Fermi  level  Ef. 
It  should  be  noted  that  each  data  point  in  Fig.  3  is 
measured  after  long-time  illumination  («104s,  cf.  Ref. 
[8]).  As  can  be  seen,  the  onsets  as  well  as  the  spectral 
shapes  of  the  decrease  are  different  for  the  two  kinds 
of  samples.  However,  the  intensity  of  the  (Z  — H) 
and  (Z  — D)  lines  decreases  nearly  by  the  same 
amount  at  each  distinct  /*vexc  value  confirming  once 
again  the  correlation  between  the  stretching  and 
wagging  modes. 

In  the  course  of  the  present  study,  we  also  observed 
the  line  at  3000.0 cm" 1  on  the  GaAs:H:D  samples, 
which  has  been  identified  by  Pajot  and  Song  [1]  as  due  to 
an  (O  — H)  centre.  To  make  a  distinction  between  the 
different  hydrogen  centres,  this  centre  will  be  called  here 
(O  — H)a.  Together  with  this  line,  one  corresponding 
line  due  to  the  deuterium  containing  centre  (O  — D)A 
was  found  at  2455.0  cm'1.  For  the  new  line  appearing 
under  illumination  (photon  energy  1.2  eV)  at 
3296.4  cm'1  [1],  its  deuterium  counterpart  was  detected 
at  2451.6  cm-1  (all  frequencies  measured  at  T  =  7K). 
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Fig.  3.  The  normalized  integrated  intensity  ^m/^dark  of  the 
absorption  lines  of  Fig.  1  under  illumination  with  different 
photon  energies  /zvcxc  measured  at  T  =  80  K  on  two  samples 
with  different  Fermi-level  positions  EF. 


These  results  prove  that  the  (O  — H)A  centre  contains 
only  one  hydrogen  atom. 


4.  Discussion 

From  the  experimental  results,  especially  those  of  the 
GaAs :  H :  D,  it  is  clearly  evident  that  the  investigated 
vibrational  lines  of  the  (Z  — H)  centre  are  due  to  the 
stretching  and  wagging  mode  of  one  hydrogen  atom 
bonded  to  a  light  impurity  atom  Z.  The  rather  high 
frequency  of  the  wagging  mode  (about  one-third  of  that 
of  the  stretching  mode)  indicates  that  the  H  atom  should 
be  located  in  an  antibonding  position.  Among  the  four 
possible  candidates  for  Z  in  LEC-GaAs  (C,  B,  N,  and 
O),  carbon  and  boron  can  be  definitely  ruled  out  by 
spectroscopic  arguments.  The  (Z  — H)  centre  was  detect¬ 
able  only  in  the  samples  containing  sufficient  isolated 
oxygen  centres  (oc-0As  and  Oi).  This  suggests  the 
assumption  that  Z  is  oxygen.  However,  as  in  all 
investigated  samples  the  N  — H  centre  [9]  was  also 
found;  N  cannot  be  completely  excluded  as  the  partner 
in  the  (Z  — H)  centre. 

The  spectral  dependence  of  the  photoinduced  change 
(Fig.  3)  gives  information  about  the  nature  of  this 
change.  The  sample  with  its  Fermi  level  at  the  EL20/+ 
mid-gap  level  (Ev  +  0.78  eV)  shows  the  onset  of  the 
photoinduced  decrease  at  about  0.8  eV,  and  its  spectral 
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shape  is  roughly  that  of  the  photoionization  cross- 
section  ffpi  of  the  transition  ELS'*'  +  /?v->EL2n+ holevh 
[10].  However,  the  sample  with  E\  at  the  EL2  1  2 1  level 
(£v  +  0.54  eV)  shows  the  onset  of  the  photoinduced 
decrease  at  about  0.5  eV,  and  the  spectral  dependence 
corresponds  to  that  of  the  photoionization  cross-section 
aP2  of  the  transition  EL22~  + /?v->EL2 ' +holevb  [11]. 
Obviously,  in  both  kinds  of  samples,  the  holes  in  the 
valence  band  created  by  these  transitions  will  be 
captured  by  the  (Z-H)  centre  forming  the  state 
(Z-H)*,  which  is,  therefore,  a  recharged  state 
(Z-H)' .  These  results  suggest  that  the  (Z-H)  centre 
forms  an  electronic  level  (Z-H)/(Z-H) ''  in  the  region 
between  Ev  and  £v  +  0.5  eV  within  the  gap  of  the  GaAs. 
This  conclusion  is  supported  by  the  measurements  on  a 
p-type  GaAs:H  sample  exhibiting  both  lines  at 
3079cm  1  (Z  — H)  and  3099cm  1  (Z  —  H)  *  without 
illumination.  Finally,  the  maximum  concentration  of  the 
(Z-H)  centre  detected  in  the  LEC-GaAs  is  in  the  region 
between  1013  and  10l4cm  \  if  the  calibration  factor  for 
the  C  — H  stretching  mode  [12]  is  used. 
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Abstract 

Previous  calculations  suggested  low-equilibrium  N  solubility  in  bulk  GaAs.  In  epitaxial  growth,  however,  N 
solubility  can  be  significantly  enhanced  to  as  much  as  a  few  %.  First-principles  total-energy  calculations  show  that 
this  large  difference  is  due  to  the  lack  of  low-energy  nucleation  sites  of  GaN  during  epitaxy.  As  a  result,  the  atomic 
chemical  potential  of  N  can  be  significantly  larger.  This  gives  rise  to  new  defect  physics  distinctly  different  from  those 
in  GaAs.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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Substitution  by  first-row  elements  in  semiconductors 
is  an  interesting  problem.  For  example,  with  a  few 
percent  of  N,  the  bandgap  of  GaAsi_.v,Nv  dilute  alloy 
can  be  significantly  smaller  than  GaAs  [1].  As  such, 
GaAsi_.vNv  is  a  potential  candidate  for  infrared  lasers 
and  as  an  absorber  for  high-efficiency  tandem  solar  cells. 
It  is  also  a  natural  buffer  layer  for  the  epitaxial  growth 
of  cubic-phase  GaN  on  GaAs,  thus  integrating  two 
important  optoelectronic  materials.  However,  the  dop¬ 
ing  mechanism  of  GaAs :  N  is  largely  unknown.  The 
thermodynamic  solubility  of  N  in  bulk  GaAs  is 
exceedingly  low  ([N]<  1014cm-3  at  T=650°C)  [1-3] 
due  to  the  formation  of  a  fully  relaxed,  secondary  GaN 
phase;  yet,  single-phase  epitaxial  films  grown  at  7=400- 
650°C  with  [N]  as  high  as  ~  10%  have  been  reported  [4- 
9].  To  explain  this  giant  eight  orders  of  magnitude 
difference  in  GaAs:N,  surface-reconstruction-induced 
subsurface  strain  has  been  implicated  [3].  However,  the 
calculated  [N]  by  this  model  is  four  orders  of  magnitude 
too  small.  Another  puzzle  about  GaAs :  N  with  high  [N] 
is  the  considerable  degradation  of  the  minority  carrier 
lifetimes  [10,11],  not  seen  in  ordinary  binaries. 
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Recently,  we  suggested  [12]  by  first  principles  calcula¬ 
tions  that  the  formation  of  the  secondary  GaN  phase 
could  be  suppressed  during  epitaxial  growth.  This  is 
because  having  well-defined  growth  surface  often 
eliminates  many  defective,  therefore  chemically  active, 
sites  for  secondary  phase  nucleation.  Indeed,  a  key 
factor  in  fabricating  high  [N]  homogeneous  GaAs:N 
films  is  to  eliminate  the  formation  of  GaN  precipitates, 
as  well  as  the  amorphous  phase  of  GaN  on  the  epitaxial 
surface  [11].  As  such,  there  exists  a  new  region  of  the 
atomic  chemical  potentials  (/A^/Us^n)’  available  for 
epitaxial  growth  but  not  for  equilibrium  bulk  growth. 
The  chemical  potentials  are  the  energies  of  individual 
atoms  in  the  reservoirs  (such  as  in  the  gas  sources)  that 
affect  impurity  substitutional  energy  [13].  As  a  result,  the 
calculated  maximum  solubility  [N]  at  T=  650°C  is  about 
4%,  instead  of  <1014cm-3  for  equilibrium  growth. 
Because  defect  formation  energies  are  also  functions  of 
the  chemical  potentials,  defect  physics  at  high  N 
concentration  is  qualitatively  different  from  defect 
physics  at  low  [N].  For  example,  the  dominant  charge- 
neutral  defect  is  no  longer  the  As  antisite  in  GaAs  but 
the  N-N  split  interstitial  in  GaAs:N.  While  the  As 
antisite  has  a  doubly  occupied  (and  relatively  benign) 
mid-gap  state,  the  N-N  split  interstitial  has  a  singly 
occupied  mid-gap  state.  Thus,  depending  on  the  capture 
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cross  sections  the  split  interstitial  could  be  a  deep  trap 
for  both  electrons  and  holes.  This  suggests  a  microscopic 
mechanism  for  the  so-far  mysterious  degradation  of  the 
minority  carrier  lifetimes  in  epitaxial  GaAs:N. 

Equilibrium  N  solubility:  Physically,  the  solubility 
limit  is  reached  when  N  starts  to  precipitate  into  GaN. 
The  formation  energy  of  a  charge-neutral  defect  is 
defined  [13]  as 

=  £,ol( Defect)  -  £lot(Host)  +  «c;a/<cia 

+  HAs//As  4-  «N/iN»  0) 

where  £lot(Host)  is  the  total  energy  of  a  supercell 
containing  32  GaAs,  £lo, (Defect)  is  the  total  energy 
for  the  same  supercell  but  with  a  defect,  and  n  = 
(hg^hasWIn)  is  the  number  of  particles  being  removed 
(upon  the  defect  formation)  from  the  host  to  a  reservoir 
of  chemical  potentials  // =  (//(kl,//As,//N).  If  we  set  the 
energies  of  bulk  Ga,  bulk  As,  and  N2  gas  as  the  reference 
zeros,  then  the  chemical  potentials  satisfy 

Ha  a^0,  and  ll  n<0.  (2) 

This  happens  because  if  g  >  0,  an  elemental  solid  (or  gas) 
will  spontaneously  form  that  hinders  any  further 
increase  of  g.  For  GaAs  to  be  thermodynamically 
stable,  it  also  requires  that  /<(i;l  +  /<As  =  /iG.lAs= 
A//(GaAs)  =  -0.62  eV.  Thus,  defect  formation  energies 
in  GaAs:N  are  functions  of  only  two  independent 
variables.  (/iAs,/iN),  satisfying  (see  Fig.  1) 

-0.62  eV^//As^0  and  ^N<0.  (3) 

Spontaneous  formation  of  the  secondary  bulk  GaN 
phase  puts  a  further  restriction  on  the  chemical 


Fig.  1.  The  physically  accessible  region  of  the  chemical 
potentials.  (gAs,  gx).  is  shown. 


potentials,  namely 

fe,  +/'N</'CwN-  (4) 

Because  /jGaN=  A//(GaN)  =  -1.57 eV,  the  upper  limit 
for  //N  is  not  =  0  in  Eq.  (3),  but  =  gGaN  - 

/iCia  =  Ikm  -  (/<C«As  -  /<As)  =  -1-57  +  0.62  +  /(A,  = 
-0.95  eV  at  gM  =  0.  This  defines  the  “original  region" 
in  Fig.  1.  Nitrogen  substitution  is  a  special  case  of 

Eq-  (1) 

A£suh  =  A£tot  -  /<N.  +  /tAs,  (5) 

where  A£tol  =  £tot(NAs)  -  Etot(GaAs).  The  higher  the 
g'™K  (and  the  lower  the  /<”'"),  the  lower  the  minimum 
A £™jj  is.  The  calculated  A £™b  is  1.64eV,  which 
accounts  for  the  low  [N]  in  equilibrium  grown  GaAs :  N. 

Surface  enhanced  solubility :  In  the  epitaxial  growth, 
relaxed  GaN  phase  can  form  only  if  both  of  the 
following  conditions  are  satisfied:  (1)  Formation  of  the 
GaN  phase  at  the  surface  is  energetically  favored 
(namely,  spontaneously).  (2)  The  size  (and/or  thickness) 
of  the  surface  GaN  cluster  exceeds  the  critical  size  for 
dislocation  formation.  Condition  (1)  proceeds  condition 
(2)  and  sets  the  physical  limit  on  gs  in  epitaxial 
GaAs :  N  [cf.  Eq.  (4)]: 

(6) 

where  gGa£,  =  A//Surf  is  the  heat  of  formation  of  the 
GaN  layer  on  a  specific  surface.  The  spontaneous 
formation  of  the  GaN  layer  is  equivalent  to  having  the 
single  nitrogen  substitutional  energy  A£sSabrf  [cf.  Eq.  (5)] 
equal  zero.  Thus,  to  find  the  N  solubility  in  epitaxial 
GaAs :  N  films,  we  first  solve 

44f(Cxr)=o  (7) 

to  find  {bZ\oT)  us^nS  a  02(2  x  4)  surface  reconstruc¬ 
tion  [14],  as  detailed  in  Ref.  [12].  Second,  we  plug 
int0  Eq-  (5)  to  determine  A£^'hn,  as  shown  in 
Fig.  2.  The  corresponding  [N]  is  calculated  to  be  4%  at 
r=650\ 

Nitrogen-induced  defects’.  At  the  high  N  concentration, 
the  defect  physics  changes  from  low  [N]  in  two 
fundamental  ways:  (1)  the  dominant  defects  are  no 
longer  the  same,  (2)  the  electronic  properties  of  the 
leading  defects  are  qualitatively  different.  The  calcula¬ 
tions  were  done  with  a  64-atom  supercell  and  a  25  Ry 
plane-wave  cutoff  energy.  All  the  atoms  are  relaxed. 
More  details  can  be  found  in  Ref.  [13].  Several  defects 
are  shown  in  Fig.  3.  (1)  The  N-N  split  interstitial.  Here, 
an  N2  molecule  replaces  an  As  atom.  Each  N  is  threefold 
co-ordinated.  The  N-N  is  important  because  of  the 
exceptionally  strong  N-N  bond,  at  the  same  time  the 
strong  Ga-N  bonds,  and  the  small  size  of  the  N  atom. 
The  calculated  N-N  bondlength  is  1.39  A,  compared 
to  1.10  A  for  N2  molecule.  The  calculated  Ga-N 
bondlength  is  2.01  A,  compared  to  1.95  A  for  bulk 
GaN.  The  calculated  N-N-Ga  and  Ga-N-Ga  bondan- 
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gles  are  114°  and  132°,  respectively.  (2)  The  N-As  split 
interstitial.  Here,  the  calculated  N-As  bondlength  is 


I- —  4as  (eV)  — + - (eV) - H 

Fig.  2.  N  substitutional  energies  AEsub  as  functions  of  (gAs, 
/iN).  The  inset  is  the  GaAs(2  x  4)  surface,  indicating  the  various 
substitution  sites,  The  anion  is  denoted  by  a  dark  circle  while 
Ga  is  denoted  by  a  light  circle. 


1.85  A,  the  Ga-As  bondlength  is  2.37  A,  and  the  Ga-N 
bondlength  is  1.94  A,  respectively,  compared  with  1.62  A 
for  diatomic  N-As,  2.44  A  for  bulk  GaAs  and  1 .95  A  for 
bulk  GaN.  All  the  calculated  bondangles  are  within  the 
range  of  103-144°.  (3)  The  (AsGa-NAs)nn  pair,  where  nn 
stands  for  nearest  neighbor.  The  NAs  attracts  the  AsGa 
because  NAs  is  associated  with  compressive  strain  due  to 
the  small  size  of  N,  while  AsGa  is  associated  with  tensile 
strain  due  to  two  extra  electrons  in  the  non-bonding 
orbital.  The  (AsGa-NAs)nn  pair  has  a  0.5-eV  binding 
energy.  Thus,  at  high  [N]  the  formation  of  (AsGa-NAs)nn 
may  eliminate  isolated  AsGa.  The  N-As  separation  in 
the  nn-pair  is  2.86  A,  47%  larger  than  the  sum  of  atomic 
radii.  Hence,  the  nn-pair,  where  both  N  and  As  are 
threefold  coordinated,  is  qualitatively  different  from  any 
other  distant  AsGa-NAs  pairs.  (4)  The  (VGa-NAs)nn  pair. 
Despite  being  the  nearest  neighbor,  the  binding  energy 
(<0.05  eV)  is  negligible. 

Fig.  4(a)  shows  the  charge-neutral  defect  formation 
energy  Aiff  as  a  function  of  atomic  chemical  potentials. 
At  the  N  solubility  limit  [(^n,/t£Jax)  =  (-0.44,  OeV)], 
the  dominant  defect  in  GaAs:N  is  the  (N-N)spi  split- 
interstitial,  not  the  AsGa  in  GaAs.  The  calculated 
A//f(N-N)spl=  1.52  eV  is  considerably  smaller  than 
AsGa  (2.24 eV),  (AsGa-NAs)nn  (1.96  eV),  and  (N-As)spl 


Fig.  3.  Atomic  structures  for  (a)  NAs,  (b)  N-N,  (c)  N-As  split  interstitials,  and  (d)  (AsGa-NAs)nn  complex.  As  is  the  dark  circle,  Ga  is 
the  light  circle,  and  N  is  labeled. 
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Fig.  4.  (a)  Defect  formation  energies.  The  ordinates  and 
legends  are  the  same  as  in  Fig.  2.  (b)  Calculated  single-particle 
defect  energy  levels  with  electron  occupation  indicated  by 
arrows. 

(2.49  eV).  This  gives  an  (N-N)spl  concentration  at 
T=650  C  of  [C]=  1  x  1014cm  \  In  the  relative  N-poor 
conditions  [(/iAs,/iN)  =  (0, -0.95 eV)],  the  most  abun¬ 
dant  defects  are  AsGa  (1.38  eV),  NAs  (1.64eV)  and 
(AsGa~NAs)nn  (2.47  eV),  instead. 

Fig.  4(b)  shows  the  calculated  single-particle  gap 
states,  along  with  the  bandgaps  of  bulk  GaAs  and 
GaAs :  N  at  .y=3.125%  (i.e.,  one  N  in  a  64-atom 
supercell).  Inside  GaAs,  AsGa  forms  a  mid-gap  double 
donor  state,  whereas  VGa  forms  several  shallow  acceptor 
states.  Inside  GaAs:N,  the  AsGa,  mid-gap  state  dis¬ 
appears  with  the  formation  of  the  (AsG:-NAs)nn  pairs: 


the  NAs  state  near  the  conduction  band  minimum 
(CBM)  pushes  down  the  AsG;l  gap  state  to  near  the 
valence  band  maximum  (VBM).  On  the  other  hand,  the 
effect  of  NAs  on  VGa  is  negligible.  Both  (N-N),p!  and 
(N-As)spI  have  a  deep  level  (0.38  and  0.62  eV  above  the 
VBM  or  0.66  and  0.42 eV  below  the  CBM.  respectively) 
with  single  electron  occupancy.  Assuming  reasonable 
capture  cross  sections,  we  anticipate  that  the  split 
interstitials  will  be  important  recombination  centers 
for  the  minority  carrier. 

In  summary,  we  showed  that  one  can  significantly 
increase  the  N  chemical  potential  and  subsequently  the 
N  solubility  in  epitaxial  GaAs :  N.  At  such  high  N 
concentration,  the  physics  of  defects  changes  qualita¬ 
tively  from  that  of  GaAs.  Nitrogen  split  interstitials, 
which  are  potentially  detrimental  to  minority  carrier 
lifetimes,  could  become  important.  This  work  is 
supported  by  the  U.S.  DOE  under  contract  No.  DE- 
AC36-99GO 10337. 
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Abstract 

Raman  scattering  of  the  plasmon-like  coupled  excitations,  which  permits  to  detect  both  the  polarization  of  free  and 
localized  electrons  was  explored  in  the  heavily  doped  AlvGai_vAs  alloys.  Complementary  information  about  the 
localized  electrons  was  obtained  by  the  electric  measurements:  the  temperature  dependencies  of  the  Hall  concentrations 
and  mobilities  and  the  photoexcited  DC  conductivities.  It  was  shown  that  the  characteristic  decrease  of  the  Hall 
concentration  observed  with  the  increase  of  the  concentration  of  A1  in  alloys  was  accompanied  by  a  corresponding 
decrease  of  the  frequency  of  the  plasma  oscillations  of  free  electrons.  The  observed  decreases  of  both  the  Hall 
conductivity  and  the  plasma  frequency  were  caused  by  the  DX  centers.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Plasmons;  Localization;  AlGaAs  alloys 


Two  fundamentally  distinct  states  of  the  matter  will 
be  discussed  here.  They  are  an  insulator  and  a  conductor 
which  are  distinguished  at  zero  temperature  by  the 
different  behavior  of  DC  conductivity:  it  vanishes  for  an 
insulator  and  remains  finite  for  a  conductor.  Another 
important  property  which  allows  to  distinguish  insula¬ 
tors  and  conductors  is  the  macroscopic  polarization 
(essential  in  insulators  and  negligible  in  conductors). 
Both,  the  DC  conductivity  and  the  polarization  can  be 
used  to  determine  the  metal-to-insulator  transition — a 
phenomenon,  which  occurs  when  the  localization  length 
of  electrons  reveals  different  behavior:  it  diverges  for 
metals  and  is  a  finite  quantity  for  insulators  [1]. 

In  this  work,  we  studied  the  localization  properties 
of  electrons  in  AlYGa!_YAs  alloys  and  compared  it 
with  those  of  the  GaAs/AlAs  superlattices  where  the 
metal-to-insulator  transition  can  be  achieved.  In  the 
Al.YGai„.YAs  alloys  doped  with  Si,  the  strong  localiza¬ 
tion  of  electrons  is  provided  by  the  deep  DX  centers  [2], 
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number  of  which  depends  on  the  contents  of  alloy. 
While,  the  alteration  of  the  widths  of  the  barriers  results 
in  a  change  of  the  coupling  between  electrons  in  adjacent 
wells  thus,  presenting  a  possibility  to  produce  an 
insulator  (thick  barriers)  and  a  metal  (thin  barriers) 
states  of  the  electron  system  in  superlattices.  We 
demonstrate  that  the  alterations  of  both  the  DC 
conductivity  and  the  polarization  which  occur  when 
the  metal-to-insulator  transition  takes  place,  are 
strongly  coupled  with  the  character  of  the  state  of  the 
electron  system  in  the  samples  under  investigation. 

The  photoresistance  and  the  Hall  measurements  were 
utilized  in  order  to  study  the  DC  conductivity,  while  the 
Raman  scattering  of  the  plasmon-LO  phonon  coupled 
excitations  was  performed  to  explore  the  electric 
polarization  of  the  electrons. 

The  current  source  Kethley-237  was  used  for  the 
electrical  measurements;  the  tungsten  lamp  was  utilized 
for  the  optical  excitation  during  the  electrical  measure¬ 
ments.  The  unpolarized  back-scattered  Raman  spectra 
were  performed  at  T  =  10  K  with  a  “Instruments  S.A. 
T64000”  triple  grating  spectrometer  supplied  with  a 
CCD  detector  cooled  by  nitrogen;  the  4764  A  line  of  an 
Ar+  laser  was  used  for  excitation.  The  closed  circle 
cryostats  Janis-350CS  were  used  to  cool  the  samples. 
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The  AlvGa,  vAs  alloys  and  the  GaAs/AlAs  super¬ 
lattices  both  doped  with  Si  were  grown  on  the  (001) 
oriented  GaAs  substrates  by  molecular  beam  epitaxy. 

The  Raman  spectra  of  the  AlvGai  vAs  alloys  with 
different  contents  of  A1  (a),  nominally  doped  with  the 
concentration  of  Afa  =  2  x  10lscnV  \  together  with  the 
Hall  data  are  shown  in  Fig.  1.  The  LO  mode  of  GaAs 
originated  from  the  depletion  surface  layer  was  detected 
at  295  cm  1  together  with  two  plasmon-LO  phonon 
modes:  the  low-frequency  acoustic  mode  or  and  the 
high-frequency  optic  one  or.  As  expected,  three  coupled 
modes  were  found  in  the  AI  vGai  vAs  alloy  with  x  -  0.2: 
the  acoustic  or  mode,  and  two  optic  wj  (GaAs-likc) 
and  wj  (AlAs-like)  modes.  In  addition,  the  LOi  GaAs- 
like  mode  of  the  depletion  layer  was  observed  at 
286 cm1.  The  GaAs-like  (TO|  and  LOt)  and  the 
AlAs-like  (T02  and  L02)  bulk  optical  phonons,  eviden¬ 
cing  the  absence  of  the  plasmons,  were  found  in  the 
Al.vGaj._.vAs  alloys  with  ,v  =  0.4.  The  Hall  data  shown  in 
Fig.  1(b)  reveal  the  strong  decrease  of  the  concentration 
of  the  electrons  and  their  mobilities  with  the  increase  of 
the  A1  contents.  The  thick  arrows  in  Fig.  1(a)  show  the 
frequency  positions  of  the  high-frequency  coupled 
modes  calculated  with  the  Hall  concentrations  in  the 
corresponding  alloys. 


0.0  0.1  0.2  0.3  0.4  0.5  0.6 


Concentration  of  Al 

Fig.  1.  (a)  Raman  spectra  and  (b)  the  Hall  data  of  the 
AlvGa1vAs  alloys  with  the  nominal  doping  concentration 
As,  =  2  x  10ls cm  3  measured  at  T  -  10K.  The  thick  arrows 
show  the  calculated  frequencies  of  the  coupled  plasmon-LO 
phonon  modes. 


Fig.  2.  Dependencies  of  the  resistance  on  the  temperature 
measured  in  the  AlvGa[  vAs  alloys  with  the  nominal  doping 
concentration  ASi  =  2  x  10Iscm  3  with  the  illumination 
(dashed  lines)  and  in  the  dark  (solid  lines). 


The  results  of  the  photoresistance  measurements, 
clearly  showing  the  presence  of  the  DX  centers  are 
plotted  in  Fig.  2.  The  low  temperature  resistance  was 
found  smaller  in  the  optically  excited  samples  than  in  the 
dark.  The  difference  between  the  illuminated  resistance 
and  the  dark  one  increased  with  the  increase  of  the 
concentration  of  Al.  According  to  Ref.  [2].  the  difference 
between  the  illuminated  and  dark  resistances  is  caused 
by  the  optical  excitation  of  the  electrons  localized  by  the 
DX  centers.  Clearly  is  seen  in  Fig.  2,  that  the  concentra¬ 
tion  of  the  DX  centers  increased  with  the  increase  of  the 
concentration  of  Al  in  the  Al  vGa,  vAs  alloy  resulting  in 
the  increase  of  a  number  of  the  localized  electrons.  This 
caused  the  decrease  of  the  Hall  concentration  and  of  the 
plasma  frequency  which  is  observed  in  Fig.  1. 

The  localization  of  electrons  resulting  in  the  decrease 
of  the  superlattice  plasma  frequency  (the  frequency  of 
the  plasmons  polarized  along  the  superlattice  axis)  was 
observed  in  the  doped  GaAs/AlAs  superlattices  with 
thin  enough  thicknesses  of  the  barriers.  The  Raman 
spectra  of  some  of  the  superlattices  with  different 
thicknesses  of  the  barriers  are  depicted  in  Fig.  3.  In  the 
superlattices  (GaAs)|7(AlAs)2,  where  the  numbers  de¬ 
note  the  thicknesses  of  the  corresponding  layers 
expressed  in  the  monolayers,  all  the  three  expected 
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m  3)  doped  superlattices  measured  at  T  =  10  K. 


plasmon-LO  phonon  coupled  modes  were  found. 
Calculations  made  by  the  envelope  function  approxima¬ 
tion  show  that  in  this  superlattice  the  lowest  broad 
miniband  (with  the  width  W$ l  —  65  meV)  is  formed  by 
the  r  electron  states  of  the  wells  and  the  barriers.  While, 
in  the  (GaAs)5(AlAs)5,  as  in  the  Al,xGai_x}As  alloys 
with  x  =  0.4,  no  evidences  of  the  plasmons  were  found; 
instead,  the  GaAs-like  and  the  AlAs-like  TO  and  LO 
phonons  were  observed  even  in  heavily  doped  samples. 

According  to  the  calculations,  in  this  superlattice  the 
very  narrow  lowest  miniband  (IVsl  =  2meV)  is  formed 
by  the  X  electron  states.  The  width  of  the  miniband  is 
considered  as  a  measure  of  the  coupling  between  the 
electrons  in  the  wells  of  a  superlattice;  or  equivalently,  as 
a  measure  of  the  electron  localization.  Therefore,  the 
broad  minibands  of  the  (GaAs)i7(AlAs)2  superlattices 
provided  free  motion  of  electrons  along  the  superlattice 
axis  and  as  a  consequence,  the  superlattice  plasmons 
were  observed.  While,  in  the  (GaAs)5(AlAs)5  the  narrow 
minibands  resulted  in  a  strong  modulation  of  the 
electron  density  along  the  superlattice  axis  producing 


the  localization  of  electrons  in  the  wells.  As  a 
consequence,  no  superlattice  plasmons  were  observed. 

In  this  work  we  studied  the  Raman  scattering  of  the 
plasmon-like  coupled  excitations,  which  permits  to 
detect  both  the  polarization  of  free  and  localized 
electrons  in  the  heavily  doped  AlxGai__vAs  alloys. 
Complementary  information  about  the  localized  elec¬ 
trons  was  obtained  by  the  electric  measurements:  the 
temperature  dependencies  of  the  Hall  concentrations 
and  mobilities  and  the  photoexcited  DC  conductivities. 
It  was  shown  that  the  characteristic  decrease  of  the  Hall 
concentration  observed  with  the  increase  of  the  con¬ 
centration  of  Al  in  alloys  was  accompanied  by  a 
corresponding  decrease  of  the  frequency  of  the  plasma 
oscillations  of  free  electrons.  The  measurements  of  the 
conductivity  caused  by  the  photoexcited  electrons 
revealed  the  presence  of  the  DX  centers  with  the 
concentration  strongly  increasing  with  the  increase  of 
the  concentration  of  Al.  Thus,  it  was  shown  that  the 
observed  decreases  of  both  the  Hall  conductivity  and  the 
plasma  frequency  were  caused  by  the  DX  centers.  The 
Raman  spectra  of  the  Al^Ga^As  alloys  with  different 
x  were  compared  with  those  of  the  GaAs/AlAs  super¬ 
lattices  with  various  strengths  of  the  coupling  between 
the  wells.  It  was  shown  that  the  decrease  of  the  coupling 
between  the  wells  of  the  superlattices  acts  similar  to  the 
increase  of  the  contents  of  Al  in  the  alloys  both 
decreasing  the  plasma  frequency  of  free  electrons.  In 
the  superlattices,  the  electrons  become  more  localized  in 
the  wells  with  the  decrease  of  the  coupling  between 
them,  while  in  the  alloys,  the  DX  centers  are  responsible 
for  the  analogous  electron  localization.  In  addition,  an 
evidence  of  the  formation  of  the  coherent  clusters  was 
found  in  the  Raman  spectra  of  both  the  doped 
AlvGa]_YAs  alloys  and  the  doped  GaAs/AlAs  super¬ 
lattices. 
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Abstract 

The  effects  of  external  and  internal  strains  and  of  defect  charges  on  the  formation  of  vacancies,  antisites  and 
interstitials  in  GaAs  and  Ino.5Gao.5As  have  been  investigated  by  first  principles  density  functional  methods.  Present 
results  show  that  strain  and  doping  permit  a  defect  engineering  of  III-V  semiconductors.  Specifically,  they  predict  that 
doping  may  have  major  effects  on  the  formation  of  antisites  while  vacancies  may  be  favored  only  by  extreme  conditions 
of  compressive  strain.  Interstitials  may  be  moderately  favored  by  doping  and  tensile  strain.  £  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Defects;  Theoretical  methods:  III  V  semiconductors 


1.  Introduction 

Investigations  on  the  formation  of  defects  in  III-V 
semiconductors  have  been  stimulated  by  an  increasing 
interest  in  the  defect  engineering  of  semiconductors, 
namely,  a  controlled  introduction  of  defects  aimed  to 
tuning  the  material  properties.  As  an  example,  materials 
for  uitrafast  optical  devices  have  been  obtained  by 
growing  GaAs  or  InGaAs  at  low?  temperature  (LT)  by 
molecular  beam  epitaxy  (MBE)  [1,2].  This  growth 
should  favor  the  formation  of  As  antisites  [3]  and  Ga 
vacancies.  A  key  quantity  describing  the  behavior  of 
defects  is  represented  by  the  defect  formation  energy 
[4,5].  Defect  formation  energies  depend  on  the  chemical 
potentials  </ioa-  Pm)  and  on  the  electron  chemical 
potential.  /tc,  w?hich  defines  the  reservoir  of  electrons 
[4,5].  In  a  supercell  approach,  the  formation  energy 
of  a  defect  D  in  GaAs  may  be  written  as  in  Ref.  [4]: 

Qd  =  ED  -  HcPc  ~  W<« i/*Cia  “  n .Wfv,  (1) 
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where  E D  is  the  energy  of  a  supercell  containing  wG;l  Ga 
atoms,  n,\s  As  atoms,  and  one  D  defect  and  nc  is  the 
number  of  electrons  transferred  from  an  electron 
reservoir  with  a  chemical  potential  pc  to  the  defect  D 
in  a  given  charge  state.  In  equilibrium,  several 
restrictions  apply  to  the  chemical  potentials  [4]: 
0  ^ pc  ^  E^  and  —AH^Ap^AH,  w;here  Ap  is  the 
chemical  potential  difference  (pG  i  -  pAs)  -  (pG  x{]i)  - 
Pa s(b,)-  /<a(B)  is  the  chemical  potential  of  the  X  species 
in  the  bulk,  E e  is  the  energy  gap  and  AH  is  the  heat  of 
formation  of  GaAs  [4],  Ap=-AH  and  Ap  =  AH 
correspond  to  the  As-rich  limit  and  the  Ga-rich  limit 
case,  respectively,  i.e.,  to  different  growth  conditions 
which  may  affect  the  formation  of  defects.  Different 
values  of  pc  are  related,  instead,  to  different  doping 
levels,  pc  =  0  corresponding  to  a  Fermi  level  at  the  top 
of  the  valence  band.  In  the  case  of  InGaAs.  further 
restrictions  apply  to  the  chemical  potentials  of  the 
cations  [5].  In  a  previous  paper  [6],  the  formation  of 
defects  favored  by  As-rich  conditions,  i.e..  gallium 
vacancies  (KG;i)  and  arsenic  antisites  (AsG;i),  has  been 
investigated  in  GaAs  and  Ino.5Gao.5As.  This  investiga¬ 
tion  has  been  extended  here  to  defects  favored  by 
Ga-rich  conditions,  i.e..  arsenic  vacancies  ( FAs)  and 
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gallium  antisites  (GaAs)  and  to  the  interstitials  Gai;  lnu 
ASj,  in  the  same  materials. 

2.  Methods 

The  defect  energy  En  and  the  total  energies  related  to 
the  potentials  have  been  calculated  in  the  local 
density  approximation  [7]  by  using  supercells,  separable 
ab-initio  pseudopotentials  [8],  planewave  basis  sets,  the 
special-points  technique  for  fc-space  integration  [9],  and 
the  exchange-correlation  functional  of  Ceperley-Alder 
[10].  The  geometry  of  a  given  supercell  has  been  fully 
relaxed  by  minimizing  the  forces  on  the  atoms. 
Convergence  tests  have  been  carried  out  by  using 
plane-wave  cutoffs  ranging  from  12  to  20  Ry,  supercells 
of  32  and  64  atoms,  and  A>point  meshes  equivalent  to  a 
(4,4,4)  or  (8,8,8)  Monkhorst-Pack  mesh  in  the  zinc- 
blend  unit  cell.  The  results  presented  here  have  been 
achieved  by  using  64-atom  supercells,  the  (4,4,4)  k- 
point  Monkhorst-Pack  mesh  in  the  zinc-blend  unit  cell, 
and  cutoffs  of  18  Ry. 


3.  Results  and  discussion 

Generally,  a  ternary  alloy  may  be  assumed  to  be  given 
by  a  binary  compound  where  a  fraction  of  the  cations 
have  been  substituted  with  cations  of  a  different  species. 
In  the  case  of  GaAs  and  Ino.5Gao.5As,  this  substitution 
induces  two  competing  effects:  (i)  increase  of  the  lattice 
constant  (<20);  (ii)  emergence  of  an  internal  strain.  These 
effects  have  been  investigated  separately  by  introducing 
two  model  materials,  “strained”  GaAs,  with  ao  extended 
to  that  of  Ino.5Gao.5As  (GaAs-ext),  and  “strained” 
Ino.5Gao.5As,  with  ao  contracted  to  that  of  bulk  GaAs 
(In0.5Ga0.5As-ctd).  These  model  materials  provide  also  a 
first,  qualitative  estimate  of  the  effects  of  an  external 


strain  on  the  formation  of  vacancies  and  antisites, 
although  they  do  not  fully  reproduce  the  structure  of 
strained,  pseudomorphic  heterostructures  grown  by 
MBE.  The  previous  investigation  of  the  Asoa,  As^a, 
V<3a  and  V5a  defects  in  the  above  four  materials  [6]  has 
suggested  that  doping  and  strain  may  have  major  effects 
on  the  defect  formation  when  the  defect  electronic  states 
are  closely  related  to  bonding  (or  antibonding)  interac¬ 
tions  between  the  atoms  around  the  defect  site,  which 
implies  that  the  local  charge  on  the  defect  is  closely 
related  to  its  local  geometry.  This  picture  is  supported  by 
the  formation  energies  calculated  here  for  the  GaAs,  Pas 
and  interstitial  defects,  see  Table  1.  Both  the  GaAs  and 
Vas  defects  induce  one  electronic  level  in  the  energy  gap. 
The  VAs  defect  has  also  two  electrons  occupying  a  level 
close  to  the  top  of  the  valence  band.  GaAs  is  a  double 
acceptor,  while  PAs  may  have  an  amphoteric  behavior. 
The  occupancy  levels  estimated  for  these  defects  indicate 
that  the  GaAs  and  Vfsl  are  stable  charge  states  when 
pe  =  0.  When  the  Fermi  level  is  at  midgap  (pe  =  Eg/2), 
the  stable  states  are,  instead,  GaXs  and  P^s-  When  the 
Fermi  level  is  at  the  bottom  of  the  conduction  band 
(fiQ  =  Eg),  the  KAs  state  of  the  defect  has  formation 
energies  close  to  (or  smaller  than)  those  of  the  neutral 
defect,  see  Table  1.  In  the  case  of  GaAs,  the  length  of  the 
GaAs-Ga  and  GaAs-In  bonds  formed  by  the  defect  with 
its  nearest  neighbor  (NN)  atoms  is  reported  in  Table  2. 
In  GaAs,  the  atomic  arrangement  around  the  defect  has 
a  C3V  symmetry  induced  by  the  formation  of  three  stable 
GaAs-Ga  bonds  and  by  a  non-bonding  interaction  of  the 
GaAs  with  the  fourth  NN  Ga  atom.  In  GaAs-ext,  the 
increased  ao  leads  only  to  an  increase  of  the  distance 
between  the  not  bonded  Ga  atom  and  the  GaAs,  which 
reduces  i2D.  In  Ino.5Gao.5As,  the  internal  strain  breaks 
the  C3V  symmetry.  Furthermore,  only  two  stable  bonds 
are  formed  having  lengths  of  2.30  and  2.48  A,  see 
Table  2.  This  change  of  the  local  geometry  of  the  defect 
agrees  with  the  increase  of  £2d-  Finally,  in  In0.5Ga0.5As-ctd, 


Table  1 

Defect  formation  energies  of  the  different  defects  investigated  in  the  present  work  (see  the  text)11 


Defect 

GaAs 

GaAs-ext 

Ino.5Gao.5As 

In0  5Ga0.5As-ctd 

Pc 

GaAs 

2.85 

2.40 

2.86 

2.43 

0 

Garf 

1.17 

1.18 

1.80 

1.26 

Eg/2 

GaAJ 

-0.32 

-0.12 

0.88 

0.16 

E, 

VaI 

2.25 

3.16 

2.14 

-0.13 

E, 

Pas 

2.08 

3.29 

2.52 

0.58 

EJ2 

V# 

1.11 

1.88 

1.52 

-0.11 

0 

Ga*1 

2.08 

1.17 

1.60 

2.03 

0 

Gar1 

2.75 

1.81 

2.55 

2.84 

Eg 

AS+1 

2.13 

0.75 

1.56 

2.32 

0 

As"1 

1.61 

0.65 

1.68 

2.22 

E g 

11  The  last  column  gives  the  value  of  the  electronic  chemical  potential  pc.  The  zero  of  pc  is  taken  at  the  top  of  the  valence  band.  Eg  is 
the  energy  gap.  All  values  are  given  in  eV. 
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Table  2 

Length  of  the  GaAs-Ga  and  GaAs-In  bonds  formed  by  the  defect  with  its  NN  atoms" 


Defect 

GaAs 

GaAs-cxt 

Iii(j  ^Gao  sAs 

Int,  5Ga„  sAs-ctd 

Ga!\s 

(3x2.31,  2.89) 

(3x2.38,  3.41) 

(2.64,  2.48 ,  2.30,  2.68) 

(2.59,  2.41 ,  2.22,  2 

.56) 

GaA; 

4x2.29 

4  x  2.38 

(2.46,  2.46 ,  2.27,  2.44 ) 

(2.38,  2.37,  2.19.  2 

.36) 

VaI 

(2  x  2.75.  4  x  3.54) 

(2  x  3.08.  4  x  3.88) 

(3.00,  2.90 ,  2  x  3.76.  2  x  3.58) 

(2.66.  2  x  3.53,  2.81,  2  x 

3.27) 

v*L 

6  x  3.63 

6x4.15 

(3.16,  2  x  3.58,  3.60,  2  x  3.93) 

(2.80.  2.95,  2  x  3.5 

5.  2x 

3.24) 

Fas' 

6  x  3.85 

6  x  4.32 

(3  x  3.60,  3  x  4.16) 

(3  x  3.15,  2  x  3.65. 

3.36) 

Gaf1 

2x2.55 

2  x  2.63 

(2.75.  2.59) 

(2.68.  2.54) 

Gaj  1 

(2.44,  2  x  2.57) 

(2.52.  2  x  2.66) 

(2.55.  2.50,  2.47) 

(2  x  2.44,  2.47) 

As,4 1 

(2  x  2.42.  2.26) 

(2  x  2.47.  2.30) 

(2.44,  2.46.  2.29) 

(2.40.  2.39,  2.30) 

As-"1 

(2x2.51.  2.28) 

(2  x  2.58.  2.33) 

(2.48,  2.54.  2.61) 

(2.45.  2.41.  2.61) 

*X-X  distances  (Y  =  Ga  or  In)  between  a  Ga  antisitc  and  its  nearest  neighbors  (NN)  arc  reported  in  the  upper  part  of  the  table 
together  with  the  X  - X  distances  between  the  NN  of  a  arsenic  vacancy.  Ga  In  and  In  In  distances  are  given  in  italic  and  bold 
characters,  respectively.  Y-  Y  distances  (T^Ga  or  As)  between  an  interstitial  atom  and  its  NN  arc  reported  in  the  lower  part  of  the 
table.  Ga-In.  Ga-As  and  In-  As  distances  are  given  in  italic,  bold  and  bold-italic  characters,  respectively,  n  distances  with  an  equal 
value  d  are  represented  by  n  x  d.  The  distances  should  be  compared  with  those  given  by  covalent  radii  of  Ga,  In  and  As  ( 1 .26.  1 .44  and 
1.2  A.  respectively).  All  values  are  given  in  A. 


the  contraction  of  a n  favors  a  bonding  interaction  of 
GaAs  with  its  NN  atoms,  thus  leading  to  a  reduction  of 
the  formation  energy.  In  the  case  of  GaA;  defect,  in 
GaAs  this  defect  forms  four  stable  GaAs-Ga  bonds,  thus 
indicating  that  the  defect  electronic  states  are  closely 
related  to  bonding  interactions  between  the  GaAs  and  its 
NN  atoms.  As  a  consequence,  the  GaA~  formation 
energy  results  to  be  significantly  affected  by  the  position 
of  the  Fermi  level,  as  shown  by  the  large  reduction  of  its 
value  in  the  case  of  pc  =  (i.e.,  n-type  doping). 

Furthermore,  strain  has  appreciable  effects  on  the  Ga^ 
formation  energy  like  for  the  neutral  defect.  Similar 
results  were  found  for  the  Asg“,  which  are  favored  by  p- 
type  doping.  In  the  case  of  KAs,  generally  the  vacancy 
dangling  bonds  are  not  involved  in  an  internal 
reconstruction.  However,  the  three  electrons  of  the 
vacancy  may  give  rise  to  some  bonding  interaction  in  the 
presence  of  a  compressive  strain.  This  defect  is 
characterized  therefore  by  a  small  coupling  between 
local  charge  and  local  geometry.  In  fact,  an  analysis  of 
the  results  reported  in  Table  1  and  2  for  the  different 
charge  states  of  FAs  shows  that  the  doping  and  strain 
have  smaller  effects  on  the  formation  energies  of  arsenic 
vacancies.  Similar  results  were  found  in  the  case  of 
gallium  vacancies.  In  the  case  of  interstitials,  it  as  to  be 
taken  into  account  that  the  Gaf 1  occupies  a  tetrahedral 
site,  while  the  Ga”1,  As”1  and  Ga*1  are  characterized  by 
an  (1  1  0)-split,  (1  1  0)-split  and  (lOO)-split  geometries 
[11],  respectively.  The  results  given  in  the  Tables  show  a 
common  behavior  of  these  defects.  They  are  favored  by 
an  increase  of  the  lattice  constant  and  hindered  by  an 
internal  strain  because  they  need  to  relax  their  local 
geometry.  As  a  related  effect,  changes  of  the  local  charge 
(as  induced  by  different  doping)  have  limited  effects  on 
the  reduction  of  the  formation  energies. 


4.  Conclusions 

Previous  and  present  results  on  the  formation  of 
antisites  and  vacancies  show'  that  these  defects  have 
quite  different  behaviors  when  vacancies  do  not  give 
rise  to  internal  reconstruction.  In  that  case,  indeed, 
antisites  are  characterized  by  stronger  relationships 
between  defect  levels  and  bonding  interactions  invol¬ 
ving  the  defect.  This  implies  that  antisites  are  more 
sensitive  to  lattice  and  local-charge  rearrangements 
than  vacancies.  As  a  consequence,  an  efficient  defect 
engineering  seems  possible  for  antisites ,  difficult  for 
vacancies.  In  fact,  in  the  case  of  Ga  (As)  antisites,  a  n- 
type  (p-type)  doping  and  a  compressive  (tensile)  strain 
permit  to  reach  very  small  formation  energy  values.  On 
the  other  hand,  both  gallium  and  arsenic  vacancies 
reach  small  formation  energies  only  in  extreme  condi¬ 
tions  of  compressive  strain.  Interstitials  present  an 
intermediate  behavior  with  respect  to  that  of  antisites 
and  vacancies. 
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Abstract 

Photoluminescence  and  photoreflectance  spectroscopy  are  used  to  investigate  the  electronic  properties  of 
hi  r-  S 1  -■'-’'/Ga  As  heterostructures  treated  with  low-energy  atomic  hydrogen.  With  increasine  hydrogen  doses 
the  In  .  Ga,  ,As,  ,N,  optical  gap  blue-shifts  until  it  reaches  the  value  of  a  corresponding  N-free  reference  sample.  This 
effect  is  ascribed  to  the  formation  of  N-H  bonds,  which  leads  to  an  electronic  passivation  of  N  and,  hence,  to  a 
reopening  of  the  material  band  gap.  Thermal  annealing  of  the  samples  restores  the  band  gap  the  InvGa,  vAs,  ,.N,  had 
before  hydrogenation  and  gives  an  activation  energy  for  the  dissociation  of  N-H  complexes  equal  to  ?  28  eV  V  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Nitrogen  introduction  in  InvGa, .  vAs-based  materials 
leads  to  striking  effects  on  the  band  structure  of  the  host 
material,  the  most  relevant  being  a  large  band  gap 
reduction  for  increasing  N  concentration  [1],  A  model 
based  on  quantum  repulsion  between  the  states  of  the 
conduction  band  minimum  of  the  host  material  and  a 
N-related  level  resonant  with  the  former  states  has  been 
firstly  proposed  in  order  to  explain  the  dependence  of 
the  InvGaj....vAsi_l.N1.  band  gap  on  nitrogen  content  [2]. 
On  the  other  hand,  pseudopotential  supercell  calcula¬ 
tions  show  that  the  N-mediated  coupling  between  the 
host  crystal  band  edge  states  (E,  L,  and  X)  also  accounts 
for  the  band  gap  decrease  of  InvGai  .vAs!  ,.Nr  with  v 
[3].  Regardless  of  the  exact  mechanism  leading  to  the 
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strong  modification  of  the  InvGai  a-As  conduction  band 
subsequent  to  N  incorporation,  the  observed  effects 
originate  from  the  large  mismatch  in  size  and  electro¬ 
negativity  between  N  and  its  lattice  neighbors. 

In  this  work,  we  exploit  the  high  diffusivity  and  strong 
chemical  activity  of  atomic  hydrogen  in  order  to  perturb 
the  nitrogen  bond  with  the  cation  sublattice  atoms.  By 
means  of  photoluminescence  (PL)  and  photorefiectance 
(PR)  measurements,  we  show  that  the  insertion  of  H  in 
InvGai  vAsj  j.Nj./GaAs  single  quantum  wells  (QWs) 
increases  the  band  gap  to  the  value  the  material  had 
before  N  incorporation,  i.e.,  the  value  of  a  reference  QW 
without  nitrogen.  Thermal  annealing  at  550"C  restores, 
instead,  the  optical  properties  the  InvGa, .  vAs,_rN,,/ 
GaAs  QW  had  before  hydrogenation.  We  discuss  these 
results  in  terms  of  the  formation  (dissociation)  of  N-H 
bonds  which  decreases  (increases)  the  effective  N  content 
and  consequently  increases  (decreases)  the  band  gap 
energy  of  the  well. 
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A  number  of  InvGaj_.YAsi_;.N_,./GaAs  single  QWs 
grown  by  solid  source  molecular  beam  epitaxy  have 
been  investigated.  N2  cracking  was  achieved  by  using  a 
radio  frequency  plasma  source.  Indium  and  nitrogen 
concentrations  in  the  samples  are  x  =  0.0  —  0.41  and 
y  —  0.0  —  0.052,  respectively.  The  N  concentration  has 
been  determined  by  a  combined  analysis  of  X-ray 
diffraction  and  optical  data.  For  each  subset  of  quantum 
wells  having  the  same  indium  content  and  well  width,  L, 
but  differing  in  terms  of  the  nitrogen  concentration,  a 
reference  sample  without  nitrogen  has  been  grown.  L 
ranges  from  6.0  to  8.0  nm.  All  samples  have  a  100  nm 
thick  GaAs  capping  layer.  Post-growth  treatment  with 
atomic  hydrogen  was  obtained  by  ion-beam  irradiation 
from  a  Kaufman  source  with  the  samples  kept  at  300°C. 
The  ion  energy  was  about  lOOeV  and  the  current  den¬ 
sity  was  few  tens  of  pA/cm2.  Several  hydrogen  doses 
{d\\  =  1,  5,  50,  270,  and  690  x  10 16  ions/cm2)  have  been 
used  in  this  study.  One  hour  thermal  annealing  was 
performed  at  10_6Torr  at  temperatures  ranging  between 
220°C  and  550°C.  PL  was  excited  by  the  515  nm  line  of 
an  Ar+  laser,  dispersed  by  a  single  1  m  monochromator 
and  detected  by  a  cooled  Ge  detector.  PR  measurements 
were  performed  at  near  normal  incidence.  The  probe 
source  was  a  1 00  W  halogen  lamp,  the  excitation  source 
was  an  He-Ne  laser  (power  2  mW)  chopped  at  220  Hz. 

Fig.  1  shows  the  PR  spectra  at  T  =  90  K  of  an 
Ino.32Gao.68Aso.973No.027/GaAs  QW  (gray  full  dots),  of 
the  same  sample  irradiated  with  hydrogen  at 
dH  =6.9x  10 18  ions/cm2  (black  full  dots),  and  of  the 
N-free  reference  QW  (open  dots).  The  dashed  lines  are  a 
simulation  of  the  PR  data  based  on  the  model  of  Ref. 
[4].  In  PR,  two  transitions  are  observed  and  attributed  to 
heavy  (HH)-  and  light  (LH)-hole  excitons.  Firstly,  it  can 
be  noted  how  the  presence  of  a  few  percent  (0.027)  of 
nitrogen  results  in  an  HH  energy  red-shift  of  about 
0. 17  eV.  A  similar  energy  shift  is  found  for  the  light-hole 
exciton  (~0.19eV).  H  treatment  leads,  instead,  to  a 
blue-shift  of  both  HH-  and  LH-hole  excitons,  as  well  as 
to  a  change  on  the  low  energy  side  of  the  HH  exciton 
transition  lineshape,  which  suggests  the  insurgence  of  an 
H-related  level  in  the  QW  band  gap.  In  the  N-free  QW 
(not  shown  here),  H  irradiation  does  not  affect  the 
energy  of  the  exciton-related  transitions,  which  gain  a 
factor  10  in  intensity  because  of  likely  passivation  of 
surface  states.  Also,  PR  linewidth  broadens  upon 
hydrogenation  indicating  an  increase  of  microscopic 
disorder.  We  point  out  that  heat  treatment  like  that 
experienced  during  H  irradiation,  but  in  absence  of  H, 
has  no  effect  on  the  sample  linewidth  and  peak  energy. 

The  band  gap  reopening  subsequent  to  the  H 
treatment  described  above  has  been  observed  in  all 
samples  considered  (y  —  0.007  -  0.052).  We  will  focus 
then  on  the  results  obtained  in  a  QW  with  x  =  0.34, 
y  =  0.007,  and  L  =  7.0  nm  and  its  corresponding  N-free 
reference. 


Fig.  1 .  Photoreflectance  spectra  at  T  =  90  K  of  an  untreated 
Ino.32Gao.68Aso.973No.027/Ga As  QW  (gray  full  dots),  of  the  same 
sample  irradiated  with  hydrogen  at  dH  =  6.9  x  1018  ions/cm2 
(black  full  dots),  and  of  the  N-free  reference  QW  (open  dots). 
The  dashed  lines  are  a  simulation  to  the  data  by  means  of 
the  model  of  Ref.  [4].  HH  and  LH  indicate  the  heavy-  and 
light-hole  exciton  transitions,  respectively.  Vertical  arrows  indi¬ 
cate  the  transition  energies  as  determined  by  the  simulation 
procedure. 


Fig.  2  shows  the  room  temperature  PL  spectra 
recorded  on  a  N-containing  QW  (continuous  lines) 
treated  with  different  hydrogen  doses  (graphs  (a)-(c)). 
Graphs  (b')-(d)  show  the  effect  of  thermal  annealing 
performed  on  the  same  QW  hydrogenated  at 
d\\  =  5.0  x  1017  ions/cm2  (graph  (b)).  For  comparison 
purposes,  the  PL  spectra  of  the  N-free  reference  QW 
(dashed  lines)  treated  and  untreated  with  hydrogen  are 
also  shown.  Let  us  consider  the  effects  of  hydrogen 
treatment  first.  In  the  nitrogen  containing  QW,  the  PL 
peak  shifts  towards  higher  energy  for  increasing  hydro¬ 
gen  doses  until  it  saturates  at  the  value  it  has  in  the  N- 
free  QW,  whose  peak  energy  does  not  change  with  du 
(see  dashed  lines  in  the  figure).  As  observed  in  the  PR 
spectra  of  Fig.  1,  hydrogen  treatment  leads  also  to  an 
increased  microscopic  disorder,  mainly  in  the  N- 
containing  QW,  whose  PL  linewidth  is  appreciably 
broader  than  that  of  the  reference  QW  even  at  the 
lowest  dw . 

The  effects  of  hydrogen  treatment  can  be  reversed  by 
thermally  annealing  the  sample.  The  N-containing  QW 
hydrogenated  at  a  dose  du  =  5.0  x  1017  ions/cm2  (graph 
(b))  has  been  annealed  at  various  temperatures  ranging 
from  220°C  to  550°C.  Fig.  2  shows  the  room  tempera¬ 
ture  PL  spectra  for  increasing  Ta  (graphs  (b')-(d)).  The 
PL  band  of  the  hydrogenated  y  —  0.007  QW  moves 
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Fig.  2.  Graphs  (a)-(c):  Room  temperature  peak  normalized 
photoluminescence  spectra  of  hydrogenated  In,,  14Ga06r,- 
Asj  ,.Nv/GaAs  QWs  with  y  =  0.007  (continuous  lines),  and 
y  =  0.0  (dashed  lines)  for  different  hydrogen  doses  d\\ 
(Hq  =  5.0  x  10lfi  ions/cnr).  Graphs  (b')-(d):  Room  tempera¬ 
ture  peak  normalized  photoluminescencc  spectra  of  the 
In()  34Gao/>ftAso  wlN(,  (io7  QW  hydrogenated  at  clH  =  10  //„  and 
annealed  at  different  temperatures.  Ta.  Laser  power  density 
p  =  70  W/cm2  for  all  spectra. 

towards  lower  energy  until  its  lineshape  nearly  coincides 
with  the  PL  spectrum  of  the  H-free,  not  annealed,  y  = 
0.007  QW  (compare  graphs  (a)  and  (d));  instead,  the  PL 
band  of  the  reference  QW  (not  shown  here)  is  not 
affected  by  the  annealing  process. 

We  can  account  for  the  band  gap  opening  induced  by 
H  in  InvGa!  vAsj  VN,  in  the  framework  of  H  bonding 
to  point  defects  in  semiconductors  [5].  The  charge 
transfer  from  the  group  III  atoms  towards  the  strong 
electronegative  N  atoms  favors  the  formation  of  H-N 
bonds  in  InvGa,.  vAsj  ,.N, :  H.  This  is  consistent  with 
theoretical  predictions  of  an  N  antibonding  equilibrium 
position  for  Hh  in  p-type  GaN  [6].1  A  “molecular 
orbital”  formed  by  hydrogen  and  nitrogen  leads  to  a 
bonding  level  with  electronic  properties  different  from 
and  with  an  energy  level  lower  than  those  of  the  original 
N  level.  This  neutralizes  the  N  electrical  activity  with  a 
decrease  of  the  effective  number  of  N  atoms  and  an 


1  Nominally,  undoped  GaAs  grown  by  molecular  beam 
epitaxy  is  generally  slight  p-type  due  to  the  residual  C  in  the 
growth  chamber. 


Fig.  3.  Dependence  of  the  residual  percentage  of  //,  Ru, 
left  into  an  In,,  ^Gao^Aso.wNowp  QW  hydrogenated  at 
ciw  =  5.0  x  1017  ions/cnr  and  annealed  for  one  hour  at  tem¬ 
perature  Ta.  The  dashed  line  is  a  simulation  to  the  data 
by  means  of  Eq.  (I),  which  gives  a  value  of  the  activation 
energy  for  the  dissociation  of  the  N-H  complexes  equal  to 
2.28+0.26  eV. 

increase  of  the  band  gap.  Thermal  annealing  breaks  the 
H-N  bonds,  thus  increasing  back  the  effective  number  of 
N  atoms,  accordingly  with  the  results  shown  in  Fig.  2. 

In  order  to  determine  the  bond  strength  of  the 
H-N  complexes  we  analyzed  the  shift  of  the  PL  peak 
energy  as  a  function  of  the  annealing  temperature,  Ta. 
We  assume  zero  residual  hydrogen  when  the  Inv- 
Gaj  VAS]  ,.N QW  emission  energy  coincides  with  the 
same  quantity  measured  in  the  H-free  sample  (i.e.. 
Ta>  800K).  Instead,  the  not-annealed  hydrogenated 
InvGat  vAsi  ,N,  QW  corresponds  to  residual  H  equal 
to  one.  For  a  given  TA  value,  we  (i)  first  estimate  the 
effective  N  content  from  the  PL  peak  energy;2  (ii)  then 
obtain  the  residual  hydrogen  assuming  that  each  H  atom 
interacts  with  a  single  N  atom  [7].  The  results  of  this 
analysis  are  shown  in  Fig.  3.  If  R\\  is  the  residual 
percentage  of  H  atoms  present  in  the  sample  after 
annealing,  we  can  estimate  the  activation  energy  of 
dissociation  for  N-H  complexes,  £a,  by  using  [8] 

R\\=  f  e""'1  m  rjG(E  -  £;l)  d£,  (1) 

J I) 

where  /(£,  Ta)  =  exp(-E/knTA)  and  G(E  -  Etl)  is  a 
Gauss  function  introduced  for  taking  into  account  a 
distribution  of  activation  energies  around  a  mean  value, 
£„.  is  the  annealing  time  (one  hour  in  this  case)  and  v 
is  the  attempt  frequency  equal  to  93THz,  as  derived 

2  For  determining  the  effective  N  concentration,  we 
used  £j»(v #0)  —  £|>(v  =  0)  -  2.2 /’-7,  where  E p  is  the  PL 
peak  energy  in  eV.  The  above  formula  has  been  obtained  by 
means  of  a  fit  to  the  experimental  £V’s  measured  in  the 
untreated  In vGa i  .As,  ,NV  samples. 
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from  the  N-H  stretch  frequency  measured  in  InYGai_A- 
Asi_rNr  [9].  The  dashed  line  shown  in  Fig.  3  is  a  fit  of 
Rft  to  the  data,  which  yields  Ea  =  2.28  eV  and  a 
standard  deviation  for  G(E  -  Ea)  equal  to  0.26  eV.  The 
Ea  value  found  here  may  be  compared  with  those  found 
typically  for  H-donor  complexes  in  GaAs  (~2.1  eV)  [10] 
and  Si  (  —  1.4  eV)  [8],  and  H-acceptor  complexes  in  GaN 
(~2.2eV)  [11]. 

To  conclude,  we  have  shown  that  hydrogen  strongly 
perturbs  the  electronic  properties  of  InYGai_.vAsi_vNr 
restoring  the  band  gap  energy  to  the  value  it  has  in  the 
N-free  crystal.  We  account  for  this  effect  by  the 
formation  of  H-N  bonds,  which  effectively  diminish 
the  N  content  of  the  samples.  Therefore,  present 
results  indicate  that  the  N-associated  wavefunction  in 
InYGa!_AAsi_rNv  maintains  a  strongly  impurity-like 
character  up  to  y  =  0.052.  Therefore,  the  so-called 
“alloy”  limit  may  have  not  been  fully  reached  even  for 
such  high  N  contents. 
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Abstract 

Zn  diffusion  experiments  in  GaSb  at  temperatures  between  500'C  and  650  C  were  performed  using  Ga-Zn  alloy 
sources.  For  surface  Zn  concentrations  exceeding  1 0~() cm  \  extended  defects  were  detected  using  cross-sectional 
transmission  electron  microscopy  (TEM).  These  defect  networks  correlate  directly  with  the  observed  kink  and  tail 
profile  shape.  For  lower  Zn  doping  levels  the  kink  disappears.  The  profiles  of  these  samples  reflect  the  diffusion 
behavior  of  Zn  in  virtually  defect-free  GaSb  and  are  accurately  described  by  a  Ga  interstitial  controlled  mode  of  Zn 
diffusion  via  the  kick-out  mechanism.  Neutral  and  singly  positively  charged  Ga  interstitials  mediate  Zn  diffusion  at  Zn 
doping  levels  of  1-2  x  10u  and  3-10  x  10|ycm  \  respectively.  The  contribution  of  neutral  Ga  interstitials  to  Ga 
diffusion  deduced  from  fitting  experimental  Zn  profiles  is  in  agreement  with  the  directly  measured  Ga  self-diffusion 
coefficient  in  GaSb  isotope  heterostructures.  This  provides  strong  evidence  that  Ga  diffusion  in  undoped  GaSb  under 
Ga-rich  conditions  is  mainly  mediated  by  neutral  Ga  interstitials.  Published  by  Elsevier  Science  B.V. 

Keywords:  Zinc  diffusion;  Gallium  antimonide;  Kick-out  model;  Ga  sclf-intcrstitial 


1.  Introduction 

The  understanding  of  both  self-  and  foreign-atom 
diffusion  in  semiconductor  systems  is  of  fundamental 
importance.  Diffusion  in  semiconductors  is  mediated  by 
native  point  defects  in  the  crystalline  lattice.  Diffusion  is 
one  of  only  a  few  methods  that  can  provide  information 
on  point  defect  properties  such  as  equilibrium  concen¬ 
trations.  formation  and  migration  energies,  as  well  as 
charge  states.  From  the  technological  point  of  view, 
diffusion  processes  govern  the  dopant  profiles  that  form 
the  junctions  in  all  microelectronic  devices.  As  devices 
are  engineered  with  ever  shrinking  dimensions  and 
higher  dopant  concentrations,  the  quantitative  under¬ 
standing  and  control  of  diffusion  becomes  more  and 
more  important. 

Research  in  the  GaSb  system  has  recently  intensified 
due  to  applications  in  high  speed  electronics  as  well  as 
infrared  lasers,  detectors,  and  photovoltaics.  Particular 
success  has  been  seen  in  GaSb  based  heterojunction 
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bi-polar  transistors  (HBTs),  where  switching  speeds 
exceeding  250 GHz  have  been  reported  [1],  We  have 
recently  shown  that  Sb  diffuses  about  1000  times  more 
slowly  than  Ga  in  intrinsic  GaSb,  all  the  way  up  to  the 
melting  point  [2,3],  This  atypically  low  value  for  Sb 
self-diffusion  makes  GaSb  a  very  interesting  material 
from  the  diffusion  and  point  defect  standpoint. 

In  order  to  learn  more  about  the  influence  of  the 
Fermi  level  position  on  diffusion  in  GaSb.  we  have 
performed  Zn  doping  experiments.  Kyuregyan  and 
Stuchebnikov  [4]  first  showed  that  Zn  diffusion  from  a 
constant  surface  concentration  source  cannot  be  de¬ 
scribed  by  the  complementary  error  function.  Instead, 
the  diffusion  coefficient  is  a  function  of  the  local  zinc 
concentration.  Since  this  publication,  many  groups 
have  published  results  further  exploring  these  initial 
findings,  but  no  clear  identification  of  the  diffusion 
mechanism  of  Zn  in  GaSb  has  been  made  [5-10]. 
Conibeer  et  al.  propose  that  Zn  diffuses  via  a  substitu- 
tional-intersititial  mechanism  [8],  yet  they  lack  sufficient 
evidence  to  support  either  the  vacancy  (Frank  and 
Turnbull  [11])  or  kick-out  (Gosele  and  Morehead  [12]) 
mechanism. 


092 1  -4526/0 1/S- see  front  matter  Published  by  Elsevier  Science  B.V. 
PII:  S092  1  -  4526(0  1  )009  3-9 


S.P.  Nicols  et  al.  /  Physica  B  308-310  (2001)  854-857 


855 


This  work  aims  to  identify  the  diffusion  mechanism 
of  Zn  in  GaSb  and  to  apply  this  knowledge  towards  a 
more  complete  understanding  of  Ga  diffusion  in  this 
compound  semiconductor  than  can  be  achieved  by 
self-diffusion  studies  alone. 


2.  Experimental 

Cz-grown  undoped  p-type  GaSb  wafers  (100)  from 
Atomergic  Chemetals  Corp.  with  a  carrier  concentration 
of  1-2  x  10,6cm-3  were  used  for  Zn  diffusion  experi¬ 
ments.  Ga  — Zn  alloys  with  2-20  at%  Zn  were  made  by 
annealing  Zn  (99.9999%)  with  Ga  (99.9999%)  at  750°C 
for  2  days  in  evacuated  ampoules.  Prior  to  the  diffusion 
anneal,  rectangular  samples  of  approximately  15  mm2 
GaSb  were  cleaned  first  with  organic  solvents,  followed 
by  a  30  s  HC1  etch  and  a  10  s  HF  etch.  Samples  were 
sealed  in  quartz  ampoules  with  base  pressures  of  below 
2  x  10_5Torr  along  with  approximately  5  mg  of  Ga  — Zn 
alloy  as  Zn  source.  The  samples  were  annealed  in  a 
resistively  heated  furnace  where  the  temperature  can  be 
controlled  to  ±2K.  Termination  of  the  annealing 
process  was  carried  out  through  quenching  the  ampoule 
in  water  at  room  temperature. 

Cross-sectional  transmission  electron  microscopy 
(TEM)  was  performed  at  the  National  Center  for  Elec¬ 
tron  Microscopy  at  the  Lawrence  Berkeley  National 
Laboratory. 

Secondary  ion  mass  spectrometry  (SIMS)  with  a 
Cameca  IMS-3f  was  used  to  measure  elemental  profiles. 
A  Cs+  ion  beam  with  energies  of  2-3  keV  was  used  to 
obtain  the  diffusion  profiles  of  64Zn  while  monitoring 
69Ga  to  assure  a  constant  etch  rate  in  the  matrix.  In 
order  to  achieve  good  depth  resolution,  only  those 
samples  having  a  specular  surface  after  annealing  were 
used  for  the  SIMS  analysis.  Crater  depth  measurements 
were  done  using  a  surface  profilometer  with  an  accuracy 
of  5%.  Secondary  ion  counts  were  converted  into 
concentrations  using  a  Cz-grown  Zn  doped  GaSb  wafer 
from  University  Wafer  with  a  bulk  Zn  concentration  of 
1-2  x  1018cm-3. 


3.  Experimental  results 

SIMS  depth  concentration  profiles  of  Zn  were 
obtained  showing  two  characteristic  shapes.  Fig.  1  gives 
examples  of  both  the  kink  and  tail  and  box  type 
diffusion  profiles.  The  kink  and  tail  profiles  are  clearly 
identifiable  by  their  kink  located  behind  the  diffusion 
front  while  this  characteristic  is  missing  in  the  box 
profiles.  The  kink  and  tail  profiles  were  observed  in  all 
samples  showing  Zn  surface  concentrations  in  excess  of 
1020cm-3  while  box  profiles  were  observed  in  all  samples 
showing  surface  concentrations  below  102Ocm~3. 


Fig.  1.  Two  examples  each  of  kink  and  tail  and  box  shaped  Zn 
diffusion  profiles  in  GaSb  as  measured  by  SIMS.  Annealing 
schedules  and  Zn  sources  are  as  follows:  4%  Zn/96%  Ga 
source,  30min  at  640°C  (  x  );  4%  Zn/96%  Ga  source,  114min 
at  638°C  (  +  );  20%  Zn/80%  Ga  source,  60  min,  550°C  (•);  3% 
Zn/39%  Ga/58%  Sb  source,  917min  at  576°C  (A). 


Cross-sectional  TEM  was  carried  out  on  representa¬ 
tive  samples  showing  box  as  well  as  kink  and  tail  profiles 
to  determine  the  presence  of  any  extended  defects  which 
would  make  the  samples  unsuitable  for  these  diffusion 
studies.  The  box  shaped  diffusion  profiles  were  all  found 
to  be  free  of  extended  defects  in  the  area  of  diffusion, 
while  a  loose  network  of  dislocations  coincident  with  the 
high  concentration  kink  was  observed  in  the  kink  and 
tail  samples.  An  example  of  this  can  be  seen  in  Fig.  2 
where  the  SIMS  profile  and  TEM  are  overlaid  with 
matching  depth  axes  for  comparison.  Two  defective 
regions  are  clearly  visible  in  the  TEM,  the  first  being 
approximately  450  nm  below  the  surface,  and  the  second 
near  800  nm.  The  defect  band  at  800  nm  is  formed  by 
1  1  0)  type  dislocations. 

4.  Discussion 

The  presence  of  extended  defects  in  the  samples  with 
kink  and  tail  profiles  made  them  unsuitable  for  this 
diffusion  study.  The  observation  that  the  deeper  defect 
band  coincides  nearly  exactly  with  the  kink  suggests  that 
they  are  directly  interrelated.  No  kink  and  tail  type 
profiles  were  used  in  any  of  our  modeling. 

Extensive  modeling  was  carried  out  on  a  number  of 
profiles  showing  the  box  shape.  In  all  models,  it  is 
assumed  that  Zn  diffuses  interstitially  as  a  singly 
positively  charged  specie,  while  being  present  as  a 
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Fig.  2.  Composite  SIMS  profile  and  TEM  micrograph  with  common  depth  axis  of  a  sample  annealed  at  550  C  for  60  min  using  a  20% 
Zn/80%  Ga  source.  SIMS  clearly  shows  a  kink  and  tail  diffusion  profile  while  the  TEM  shows  two  defective  regions  approximately  450 
and  800  nm  from  the  surface. 


singly  ionized  acceptor  in  the  Ga  substitutional  position. 
Accurate  modeling  of  the  box  profiles  is  achieved  within 
the  Ga  interstitial  controlled  mode  of  Zn  diffusion  via 
the  kick-out  mechanism.  For  surface  concentrations  of 
l-~2  x  1019cm""3,  very  good  fits  are  obtained  assuming 
that  neutral  Ga  interstitials  are  the  mediating  defects. 
Hence  the  reaction  considered  for  modeling  these  Zn 
profiles  reads 

Znf  <=*  Zn  Ga  +  /£.,  +  2h  ~.  ( I ) 

For  surface  concentrations  exceeding  2xl0,ycm  \ 
reaction  (1)  does  not  ensure  an  accurate  fit  to  the  Zn 
distribution  at  the  diffusion  front.  Examples  of  these  two 
conditions  can  be  seen  in  Fig.  3.  At  the  higher  surface 
concentration  we  believe  that  the  Fermi  level  drops  low 
enough  to  ionize  the  neutral  Ga  interstitials  into  a  singly 
positively  charged  donor  state  via  the  following  reaction: 

>L^’g,+z~-  (2) 

The  kick-out  reaction  is  thus  no  longer  described  only 
by  (I),  but  by  a  combination  of  (1)  and  the  following 
reaction 

Zn,  +  IL  +  h  -  (3) 

The  shallower  diffusion  front  observed  for  these  samples 
is  very  likely  related  to  a  lower  effective  rate  constant  for 
the  Zn,  to  ZnGa  exchange  active  at  this  doping  level. 

Diffusivity  data  can  be  extracted  directly  from  the 
accurate  fittings  achieved  in  the  surface  concentration 
range  of  1-2  x  1019cm“3.  Reduced  Zn  diffusivity  data 
(Zn  concentration  independent)  were  used  to  calculate 
D{)  and  Q  for  Zn  diffusion  under  intrinsic  conditions  as 
1.4  x  10,ocm2/s  and  4.3 eV,  respectively.  The  fitting  also 
yielded  data  for  the  Ga  interstitial  contribution  to  Ga 
self-diffusion.  The  /Ga  contribution  equals  the  directly 
measured  Ga  self-diffusion  under  Ga-rich  conditions  [2] 


Fig.  3.  SIMS  profiles  (□.  +)  and  fits  (solid  lines)  based  on 
neutral  Ga  interstitial  controlled  mode  of  the  kick-out 
mechanism.  The  samples  were  annealed  at  609  C  for  500  min 
( □ )  and  56 1  C  for  92 1  min  ( + )  using  a  2%  Zn/98%  Ga  source. 


within  a  factor  of  2.  This  indicates  that  Ga  self-diffusion 
is  very  likely  mediated  by  neutral  Ga  interstitials.  The 
Zn  and  Ga  diffusion  data  is  summarized  in  Fig.  4.  At 
this  time  we  cannot  completely  exclude  that  singly 
positively  charged  Ga  interstitials  also  contribute  to  Zn 
diffusion  at  Zn  doping  levels  of  1-2  x  10,9cm-3.  More 
extensive  modeling  of  Zn  diffusion  must  be  performed 
to  determine  the  contributions  of  reactions  (1)  and  (3)  to 
Zn  diffusion  and  thereby  the  individual  contributions 
of  neutral  and  singly  positively  charged  Ga  interstitials 
to  Ga  self-diffusion. 
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Fig.  4.  Ga  and  Zn  diffusion  data  extracted  from  Zn  diffusion 
profiles.  Contribution  of  neutral  Ga  interstitial  to  Ga  self¬ 
diffusion  (•)  as  extracted  from  box  profile  diffusion  profiles 
compared  to  directly  measured  Ga  self-diffusion  data  [2]  (solid 
line).  Reduced  Zn  diffusivity  (□)  and  best  fit  using  exponential 
form  (dashed  line). 


The  deviation  from  Arrhenius  behavior  observed  in 
the  diffusivity  data  can  be  explained  by  the  limited 
accuracy  of  the  Zn  surface  concentration.  All  values 
determined  for  the  effective  diffusivity  of  /£a  and  the 
reduced  Zn  diffusivity  are  reduced  by  the  equilibrium 
concentration  of  Zn  adjusted  at  the  surface.  Hence  the 
accuracy  of  the  diffusivity  data  depends  on  an  accurate 
determination  of  the  Zn  surface  concentration. 


5.  Conclusion 

Kink  and  tail  Zn  diffusion  profiles  in  GaSb  are  shown 
to  correlate  with  the  presence  of  a  dislocation  network 
behind  the  diffusion  front  for  Zn  surface  concentrations 
exceeding  102Ocm-3.  Defect-free  samples  with  box  shape 
diffusion  profiles  are  found  for  Zn  surface  concentra¬ 
tions  below  102Ocm~3.  Accurate  modeling  of  the  box 
shaped  diffusion  profiles  is  only  achieved  with  the 
kick-out  mechanism  for  Zn  diffusion.  Neutral  Ga 


interstitials  are  considered  to  mediate  Zn  diffusion  for 
Zn  surface  concentrations  of  1-2  x  1019cm“3,  while 
singly  positive  charged  Ga  interstitials  begin  to  con¬ 
tribute  at  concentrations  above  3xl019cm-3.  The 
deduced  contribution  of  neutral  Ga  interstitials  to  Ga 
self-diffusion  equals  the  directly  measured  Ga  self¬ 
diffusion  within  a  factor  of  2,  indicating  that  Ga  self¬ 
diffusion  is  very  likely  mediated  by  the  neutral  Ga 
interstitial. 
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Abstract 

InP  :C  layers  grown  by  metal  organic  vapour  phase  epitaxy  at  500T  and  doped  with  CC14  remain  semi-insulating 
following  anneals  up  to  700  C.  The  compensation  of  grown-in  CP  acceptors  ([CP]~5  x  10lscm"3)  is  attributed  to  the 
presence  of  C-C  deep  donor  defects,  revealed  by  Raman  scattering.  [CP]  and  the  concentration  of  grown-in  CP-H  pairs 
both  decrease  with  increasing  temperatures.  CIn,  V,nH4  or  Pln  shallow  donors  are  not  detected.  Reductions  in  the 
internal  random  electric  fields  upon  annealing  lead  to  narrowing  of  the  CP  localised  vibrational  mode.  Samples 
annealed  at  800  C  become  lightly  n-type  (-  10,Acm  ').  (C  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  81.15.Gh:  81.05.Ea:  66.30.Jt;  63.20.P\v 

Keywords:  Annealed  InP:C:  (C-C)  precipitates  in  InP:C;  InP:C  Raman  scattering 


1.  Introduction 

Semi-insulating  layers  of  carbon-doped  InP  can  be 
grown  on  (1  00)  InP  substrates  by  metal  organic  vapour 
phase  epitaxy  (MOVPE)  at  500  C.  using  PH3  and 
In(CH3)3  precursors  and  CC14  as  the  dopant  source 
[1,2].  We  shall  discuss  measurements  made  on  such 
layers  with  a  thickness  of  8  x  10  4  cm  and  an  incorpo¬ 
rated  carbon  concentration,  [C]~  10l9cm  \  determined 
by  secondary  ion  mass  spectrometry  (SIMS).  These 
measurements  also  reveal  hydrogen  concentrations 
[H]~5x  10IKcm“3  but  the  concentrations  of  all  other 
elements  are  much  smaller  [2],  The  strengths  of  infrared 
(IR)  active  localised  vibrational  modes  (LVMs)  originat¬ 
ing  from  the  layers  confirm  the  SIMS  data  since  we  find 
[H~C]  =  5.4  x  10,s  and  [C]  =  5.8  x  10IX,  assuming  the 
two  unknown  calibration  factors,  (/),  to  be  similar  to 
those  for  the  corresponding  centres  in  GaAs.  The 
separation  of  the  LVM  frequencies  of  the  12C  and  ,3C 
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(1.1%  naturally  abundant)  modes  is  incompatible  with 
an  assignment  to  CIn  donors  but  is  consistent  with  the 
interpretation  of  CP  acceptors  [2],  Three  other  modes 
were  assigned  to  H-’“CP  pairs  by  comparing  their 
dispositions  and  relative  strengths  with  the  modes  of 
H-Ca,  pairs  in  GaAs  [3].  This  assignment  is  now 
confirmed  by  demonstrating  correlations  of  the  line 
strengths  in  InP  samples  following  anneals  at  tempera¬ 
tures  up  to  80CTC,  that  lead  to  reductions  of  [CP]  and  the 
complete  loss  of  [H-CP]  pairs. 

There  has  been  an  outstanding  need  to  identify  the 
incorporated  donors  or  traps  that  compensate  CP 
acceptors  in  the  InP  epitaxial  layers.  LVMs  from  V,„H4 
defects  (2316  cm1)  were  present  in  the  as-grown 
substrates  [4]  but  any  additional  VlnH4  absorption  (not 
detected)  from  the  epitaxial  layer  was  smaller  by  a  factor 
of  at  least  102  than  that  required  to  effect  compensation: 
our  measurements  do  not  reveal  LVMs  of  P,n  antisite 
defects  or  Chl  centres.  However,  we  now  show  that 
Raman  scattering  measurements  reveal  high  frequency 
modes,  analogous  to  those  of  deep  donor  di-carbon  pair 
defects  (C-C),  present  as  dumbbells  occupying  As  lattice 
sites  in  highly  carbon-doped  GaAs  and  AlAs  [5,6]. 
Anneals  lead  to  increases  of  [C-C]  in  InP  as  [CP]  and 
[H-CP]  decrease. 


092 1  -4526/0 1/S- see  front  matter  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S092  1  -4526(0  1  )009  1  5-2 


R.C.  Newman  et  al.  /  Physica  B  308-310  (2001)  858-861 


859 


Wavenumber  (cm'1) 


Fig.  1.  Profiles  of  the  12CP  IR  LVM,  after  growth,  a,  and 
following  anneals  at  increasing  temperatures,  b ,  c,  d,  e,  at 
500°C,  600°C,  700°C  and  800°C. 

The  12CP  and  ,3CP  LVMs  are  located  in  a  gap  in  the 
density  of  two-phonon  states  of  InP,  so  that  decay  of 
their  excitations  must  involve  the  formation  of  three  (or 
more)  InP  lattice  modes  [2].  Their  linewidths  A  were 
expected  to  be  small  (~  0.1  cm-1)  but  the  observed 
profiles  for  12CP  show  a  very  sharp  central  peak  with 
two  ‘shoulders’  (Fig.  1).  The  splitting  of  the  three-fold 
degenerate  first  excited  vibrational  state  of  ionised 
acceptor  carbon  atoms  is  caused  by  internal  electric 
fields  that  have  random  strengths  and  orientations, 
arising  from  all  other  incorporated  acceptors  and 
donors  [7,8].  There  are  no  mobile  electrons  to  effect 
screening  since  the  material  is  semi-insulating.  We  show 
that  reductions  of  [CP]  in  annealed  samples  leads  to 
reduced  LVM  linewidths  as  the  strength  of  the  internal 
fields  decreases,  probably  with  decreases  of  strain. 


2.  Experimental  details 

Details  of  as-grown  samples  (see  [2])  have  been 
outlined  in  Section  1 .  These  samples  were  then  subjected 
to  rapid  transient  anneals  for  5  min  at  500°C,  600°C, 
700°C  or  800°C  in  flowing  argon,  leading  to  changes  in 
[CP]  and  [H-CP]  (Table  1).  The  samples  were  coated  with 
a  thin  layer  of  Si02  from  a  plasma  source  to  prevent 
destruction  of  the  epitaxial  InP:C  layers  during  the 
anneals  and  the  Si02  was  subsequently  removed  with 
HF  acid.  IR  measurements  were  made  with  a  Bruker 
IFS  120  HR  spectrometer  operated  at  a  spectral 
resolution  of  0.02  cm-1  and  a  sample  temperature  of 
~10K.  Raman  measurements  were  made  from  the 
(100)  growth  surface  of  samples  cooled  to  77  K.  The 
back  scattering  geometry  was  used  and  the  scattered 
light  from  a  Kr+  ion  laser  with  hv l  =  3.00  or  3.05  eV 
was  analysed  with  a  triple  spectrometer  and  a  charge 
coupled  detector  array  for  the  spectral  ranges  between 


Table  1 

Values  of  [CP]  x  1018cm-3  and  [H-CP]  x  1018cm-3  using  IR 
calibration  factors  /(CP)  =  7  x  10l5cm_1  and  /(H-CP)  = 
2  x  1015cm-1,  respectively  [2],  and  the  parameter,  y,  following 
heat  treatments  of  samples  [10] 


Anneal 

T  (°C) 

[l2cP] 

546.9  cm  1 

[H-,2CP] 

2703  cm-' 

y  (cm  *) 

As-grown 

5.8 

5.4 

0.07 

500°C 

6.6 

4.6 

0.08 

600°C 

5.3 

2.6 

0.06 

700°C 

2.5 

0.7 

0.04 

800°C 

1.3 

0.0 

0.04 

60-2200  and  3000^1500  cm  l:  the  partial  breakdown  of 
selection  rules  implies  some  roughening  of  the  sample 
surfaces.  Hall  measurements  were  made  at  room 
temperature  using  the  van  der  Pauw  geometry  with 
indium  dot  contacts  made  at  a  temperature  below 
350°C. 


3.  IR  and  Raman  measurements  of  the  modes  of  isolated 
carbon  atoms  and  H-Cp  pairs 

Increases  of  [CP]  and  decreases  of  [H-CP]  in  samples 
heated  at  500°C  (the  growth  temperature)  are  attributed 
to  out-diffusion  of  hydrogen  (Table  1).  At  higher 
temperatures,  there  are  systematic  reductions  of  both 
[CP]  and  [H-CP],  implying  a  loss  of  carbon  acceptors 
from  substitutional  sites  and  further  out-diffusion  of 
H-atoms. 

Three  of  the  four  IR-active  modes  of  the  H-CP  centres 
are  detected  for  samples  annealed  at  temperatures  up  to 
700°C,  namely  the  -anti-symmetric  stretch  mode  at 
2703.3cm-1,  the  A\  -symmetric  stretch  mode  at 
413.5  cm-1  and  the  transverse  E-mode  (also  identified 
by  Raman  scattering)  at  521.1cm-1  with  dominant 
carbon  vibrational  displacements.  The  second  E-mode, 
with  dominant  H-displacements,  is  not  detected  but  the 
corresponding  line  in  GaAs  is  also  very  weak  [3].  The 
measurements  establish  the  correlation  of  the  three  lines 
(Fig.  2),  supporting  the  assignment  of  paired  substitu¬ 
tional  carbon  atoms  to  phosphorus  lattice  sites.  Weak 
satellite  lines  detected  at  2756  and  2818  cm-1  are 
tentatively  attributed  to  centres  with  a  hydrogen  atom 
paired  to  two  adjacent  substitutional  carbon  atoms 
(cf.  data  for  highly  carbon-doped  GaAs  [9]).  The  samples 
remain  semi-insulating  after  anneals  at  600°C  and 
700°C,  but  an  anneal  at  800°C  leads  to  low  conductivity 
with  ??~1016cm-3  that  is  two  orders  of  magnitude 
smaller  than  the  remaining  [CP]  =  1.3x  1018cm-3.  Re¬ 
lated  Raman  scattering  measurements  of  CP  and  H-CP 
pairs  are  discussed  elsewhere  [10]. 

Of  greater  importance  is  the  presence  of  lines  at  1785 
and  1814  cm-1  detected  by  Raman  scattering  from 
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Fig.  2.  Correlations  of  the  IR  strengths  (integrated  absorption 
I  As)  of  the  LVMs  at  521  cm  1  (squares.  £-modc)  and  414  cm  1 
(diamonds,  /If -mode)  as  a  function  of  the  TA  of  the  LVM  at 
2703cm  1  (A\.  stretch  mode)  for  as-grown  and  annealed 
samples:  additional  points  are  for  other  samples  with 
[Cp]  =  2.5  x  10'*  and  [H-C{>]  =  1.4  x  10IKcm  3  [10].  The  dashed 
(solid)  line  is  a  fit  to  the  square  points  (diamonds)  with  a 
gradient  of  0.150  (0.134). 


Fig.  3.  Raman  spectra  from  as-grown  and  annealed  InP:C 
samples  with  lines  due  to  carbon  complexes  marked  by  arrows 
and  where  a~C  denotes  scattering  from  amorphous  carbon.  The 
spectral  resolution  was  7cm  '. 

as-grown  samples  (Fig.  3).  The  strengths  of  these  modes 
increase  with  a  constant  ratio  following  anneals  at  500 
and  600CC  and  a  small  third  line  at  1764  cm  1  emerges 
and  becomes  stronger.  Another  line  at  1558  cm'1  also 
appears,  together  with  a  broad  band,  centred  at 
1580cm"1  with  A  ~70cm '  characteristic  of  precipi¬ 


tated  amorphous  carbon.  Similar  scattering  occurs  in 
samples  that  were  etched  to  remove  the  surface  of  the 
epitaxial  layer,  demonstrating  that  precipitation  of 
carbon  occurs  in  the  InP  bulk.  There  are  no  significant 
changes  following  the  700T  anneal  but  the  lines 
discussed  are  no  longer  resolved  after  the  800  C  anneal 
because  of  strong  background  scattering  and/or  lumi¬ 
nescence  in  the  range  1000-2000  cm”1.  Raman  scatter¬ 
ing  from  hydrogen  (H2)  is  not  detected  in  the  frequency 
range  3000-4500 cm" 

The  structure  of  the  CF>  LVM  (Fig.  1)  can  be  fitted  to 
theoretical  profiles  [7,8]  that  predict  the  sharp  central 
feature  to  be  logarithmically  divergent  in  the  absence  of 
strain.  In  practice,  all  of  the  sharp  lines  that  go  together 
to  form  the  profile  are  broadened  by  inhomogeneous 
strain  from  point  defects  and  dislocations,  limited 
instrumental  resolution  and  three-phonon  decay.  This 
broadening  is  characterised  by  a  half  width  at  half 
height,  y.  The  reductions  in  y  that  follow  sample  anneals 
(Table  1)  are  attributed  to  reductions  of  [CP]  and  [H- 
Cp],  with  the  implication  that  the  resulting  C-C  defects 
and  amorphous  carbon  produce  smaller  strains.  We  note 
that  the  smallest  value  of  y  —  0.04 cm”1  (Table  1)  is  not 
limited  by  the  IR  resolution  of  0.02 cm'1,  (correspond¬ 
ing  to  y  ~  0.01  cm  l). 


4.  Discussion  and  conclusions 

The  assignment  of  Raman  LVMs  lines  in  the  range 
1763-1814  cm  1  to  (l2C-12C)P  pairs  in  InP :  C  is  inferred 
by  comparisons  with  corresponding  lines  observed  in 
annealed  GaAs  :  C  and  AlAs  :  C.  Two  sets  of  transitions, 
each  showing  12C-l2C,  l2C-l3C  and  I3C~,3C  pairs,  are 
observed  in  GaAs  that  contains  [l2CAs]  =  [l3CAs]  [5]. 
Theory  shows  that  the  two  types  of  (C-C)  pairs,  labelled 
T1  and  T2  (also  observed  in  AlAs),  are  both  deep 
donors  that  occupy  vacant  As-lattice  sites  but  with  two 
nonequivalent  molecular  orientations  [5].  The  two  Ra¬ 
man  transitions  have  separations  of  87  and  96cm"1  for 
GaAs  and  AlAs,  respectively,  and  a  common  mean 
frequency  of  1800  cm  !:  for  comparison,  the  two  strong 
lines  in  InP:  Cat  1784.9  and  1814.0  cm"1  have  a  smaller 
separation  of  25  cm " 1  but  the  same  mean  frequency  of 
1800  cm  '.  We  therefore  attribute  the  compensation  of 
the  carbon  acceptors  in  epitaxial  InP  layers  predomi¬ 
nantly  to  H-C  pairs  and  to  di-carbon  deep  donors 
occupying  P-lattice  sites.  During  anneals  substitutional 
carbon  atoms  must  jump  to  interstitial  sites  and  diffuse 
to  form  di-carbon  defects  [11]  and  larger  amorphous 
carbon  precipitates.  The  continued  loss  of  CP  atoms 
with  the  formation  of  (C-C)P  donors  is  expected  even¬ 
tually  to  cause  the  samples  to  become  lightly  n-type 
when  an  excess  of  the  defects  occurs.  The  possibility  that 
some  CIn  and  PIn  donors  are  present  is  not  ruled  out  as 
their  LVMs  may  be  obscured  by  strong  intrinsic 
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absorption  and/or  scattering  from  the  InP  lattice  (the 
frequencies  are  not  known):  we  state  only  that  there  is 
no  evidence  for  their  presence.  Additionally,  phosphorus 
vacancies  are  expected  to  be  deep  hole  traps  but  they 
have  not  been  detected. 

In  conclusion,  our  analyses  now  lead  to  significant 
steps  in  understanding  the  semi-insulating  property  of 
the  InP  layers  that  may  have  future  technological 
applications  [1]. 
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ELSEVIER 


Abstract 

The  motion  of  Mu*  defect  centers  is  investigated  in  heavily  Zn-doped  p-type  GaAs,  GaP,  and  GaSb  using  zero-field 
muon  spin  depolarization.  Hop  rates  extracted  from  dynamic  Kubo-Toyabe  relaxation  functions  show  activated 
motion  above  200  K  and  changes  in  site  or  dynamics  within  50  K  of  the  onset.  Barrier  energies  are  extracted  for  the 
mobile  centers.  A  second  Mu'"  state  at  Tv  sites  is  suggested  by  these  results.  Additional  diamagnetic  states  are  present 
implying  interactions  with  Zn  acceptors  involving  mobile  states.  Mu"  at  low  T  and  Mu"  at  high  T.  <r  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

PACS:  66.30.Jt:  71.55.Eq:  76.75.  +  i 

Keywords:  Muonium:  Hydrogen  mobility:  GaAs:  GaP;  GaSb 


1.  Introduction 

The  effectiveness  of  hydrogen  passivation  reactions  in 
semiconducting  materials  depends  to  a  large  extent  on 
properties  of  the  isolated  hydrogen  precursors.  Hydro¬ 
gen  is  ordinarily  a  deep  compensating  defect,  thus,  the 
equilibrium  charge  state  for  an  isolated  hydrogen  is 
appropriate  for  a  Coulomb  interaction  with  the  domi¬ 
nant  dopant  leading  to  hydrogen  passivation.  Thus,  at 
ordinary  temperatures  where  dopants  are  ionized,  the 
mobility  of  oppositely  charged  hydrogen  impurities  may 
control  the  reaction  rates. 

Much  of  the  experimental  information  on  isolated 
hydrogen  impurities  has  come  from  investigations  of  its 
muonium  counterpart  (Mu)  formed  when  positive 
muons  are  implanted  into  a  semiconductor.  Muonium 
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forms  defect  states  very  similar  to  those  of  hydrogen, 
and  although  care  must  be  taken  when  inferring 
motional  properties  of  H  from  measurements  on  Mu 
due  to  the  factor  of  nine  mass  difference,  the  dynamics 
of  Mu1  states  can  serve  as  a  qualitative  guide  to 
behavior  of  H±  centers.  Preliminary  data  [1]  on  Mu" 
and  Mir  in  GaAs  showed  the  onset  of  motion  for  Mu* 
near  200  K  and  that  Mu*  remains  stationary  to  500  K, 
consistent  with  drift  properties  inferred  for  hydrogen  in 
GaAs  [2-5].  Subsequently,  we  obtained  a  barrier  of 
0.7  eV  for  motion  of  Mu"  [6].  However,  the  neutral 
Mu"  center  is  several  orders  of  magnitude  more  mobile 
than  either  charged  state  [7],  and  we  concluded  that 
diffusion  of  H  is  controlled  by  transitions  into  and  out  of 
this  highly  mobile  state  [6]. 

We  recently  examined  the  motion  of  Mu"  in  p-type 
Zn-doped  GaAs  and  demonstrated  trapping  of  Mir  at 
the  Zn  acceptor  above  room  temperature  [8].  In  that 
work  we  characterized  the  motion  of  Mu*  as  hops 
among  bond-center  (BC)  sites  with  barrier  of  0.15  eV. 
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However,  more  detailed  examination  of  the  data 
strongly  suggests  that  the  motion  is  not  a  simple 
activated  process,  and  that  a  change  in  dynamics  occurs 
about  50  K  above  the  onset.  In  the  present  contribution, 
we  pursue  details  of  these  data  for  p-type  GaAs  and 
examine  two  other  Ga-based  materials  to  understand 
general  features  of  H+  dynamics  in  III-V  compounds  as 
elucidated  by  changes  to  muon  depolarization  asso¬ 
ciated  with  Mu+  motion. 

Before  examining  the  data  and  results,  we  point  out  a 
few  qualitative  features  pertinent  to  Mu+  motion.  First, 
the  BC  structure  for  Mu  in  a  III-V  compound  is 
asymmetric  in  both  the  positive  and  neutral  charge  state 
[9].  For  Mu+,  this  asymmetry  and  the  weakly  ionic 
nature  of  the  host  bonds  imply  that,  the  bond  with  Ga 
should  be  weaker  than  that  with  the  Group- V  element. 
Consequently,  the  lowest  temperature  motion  is  likely  to 
be  among  four  BC  sites  with  the  Mu+  staying  attached  to 
a  single  Group-V  atom.  Second,  bond  ionicity  implies 
that  the  tetrahedral  site  with  group- V  neighbors  (Tv)  is 
negatively  charged  and  thus  attractive  for  Mu+.  At 
elevated  temperatures  a  metastable  Ty  region  could  serve 
as  the  main  Mu+  location  during  diffusion,  which  would 
likely  proceed  through  BC.  Alternatively,  and  at  lower 
temperatures,  global  motion  may  be  BC-to-BC  through 
an  off-center  site  within  Ty  regions  [9].  Zero-point 
motion  will  centralize  Mu+  at  Ty  if  it  remains  in  that 
general  region  for  any  length  of  time,  although  it  might 
not  do  so  for  H+  [10].  Furthermore,  lattice  dynamics  can 
shift  stability  from  BC  to  a  T  site  [11].  These  features 
suggest  the  possibility  of  three  distinctly  different  types  of 
motion  for  Mu+  as  a  function  of  increasing  temperature: 
local  hops  among  four  BC  sites,  BC-based  diffusion,  and 
perhaps  eventually  Ty -based  diffusion. 

2.  Zero-field  data  and  analysis 

Fig.  1  shows  typical  zero-field  depolarization  data 
used  in  the  present  study,  specifically  from  p-type  Zn- 
doped  GaP,  analyzed  as  either  one  or  two  dynamic 
Kubo-Toyabe  (KT)  relaxation  functions.  Our  standard 
procedure  was  to  initially  fit  each  curve  as  a  single 
dynamic  KT  signal  with  all  parameters  free,  then  to  fix 
the  width  parameter  zIkt  to  an  average  over  the  region 
where  these  fits  imply  a  “static”  center  (see  later 
discussion)  and  perform  a  second  round  of  fits  to  obtain 
good  hop  rates.  In  some  circumstances,  as  for  230  K  in 
Fig.  1,  a  single  dynamic  KT  function  fails  to  produce  a 
good  fit;  in  which  case  a  second  static  KT  component 
was  added,  followed  by  freeing  the  second  hop  rate  if 
required.  This  procedure  yields  very  good  fits,  but  may 
not  give  a  unique  component  separation. 

Figs.  2  and  3,  along  with  Table  1,  summarize  the 
results  of  this  analysis.  The  temperature-dependent 
amplitudes  of  component  signals  for  GaP  are  displayed 


Fig.  1.  Zero-field  muon  spin  depolarization  curves  at  selected 
temperatures  for  p-type  GaP :  Zn  offset  for  clarity.  Fits  are  for 
two  Kubo-Toyabe  signals,  except  for  MuJc  alone  at  1 50  K. 
Dashed  line  for  230  K  is  a  MuJc  fit  for  comparison. 


Fig.  2.  Amplitudes  for  the  different  zero-field  signals  in  GaP. 
State  assignments  are  in  Table  1. 


Fig.  3.  Hop  rates  extracted  for  Mu+  in  GaAs  with  BC  (squares) 
and  Ty  (triangles)  as  separate  signals.  Fitted  energies  are  in 
Table  1. 
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Table  1 

Assignment  of  states  to  static  KT  widths  within  the  model 
presented,  and  the  motion-related  parameters  obtained  for 
Mu4  in  Ga-based  III--V  compounds 


State  and  parameter 

GaAs 

GaP 

GaSb 

MuBC  state: 

Static  width.  dBo  (kHz) 

199(3) 

217(4) 

231(3) 

Tunneling  rate,  v0  (kHz) 

68(27) 

262(15) 

63(8) 

Hop  barrier.  E'BC  (meV) 

222(8) 

215(14) 

330(50) 

Hop  prefactor.  v'BC  (MHz) 

3  x  104 

3  x  105 

2  x  I05 

Muj,  state: 

Static  width.  A Tx  (kHz) 

Hop  barrier.  E-n  (meV) 

Hop  prefactor,  (MHz) 

122(4) 

260(30) 

2  x  105 

112(2) 

150(30) 

Low- 7  Mu-Zn  pair: 

Static  width.  Ay„  (kHz) 

270 

High- 7  Mu-Zn  pair: 

Static  width.  A'/n  (kHz) 

87(1) 

63(6) 

in  Fig.  2.  A  second  signal,  tentatively  assigned  to  a  Mir 
at  a  TP  site,  is  definitely  required  above  220  K.  For 
GaAs  a  second  signal  is  also  suggested  by  a  small  change 
in  barrier  energy  near  230  K  when  a  single  KT  signal  is 
used  [8],  Hop  rates  for  Mir  states  in  GaAs  from  a  two 
signal  analysis  up  to  320  K  are  shown  in  Fig.  3.  The 
GaSb  data  do  not  show'  a  second  isolated  Mu+  state 
quite  as  convincingly,  and  Mu°r  ionizes  at  approxima¬ 
tely  the  same  temperature  increasing  the  mobile  Mu4 
amplitude. 


3.  Discussion 

As  indicated  in  the  introduction.  Ill— V  bonding 
properties  and  structural  asymmetry  of  BC  states 
suggest  a  second  site  and  three  distinct  motions  for 
Mu*  in  zincblende  materials.  The  most  straightforward 
interpretation  of  the  GaAs  results  presented  here 
support  that  picture  of  the  dynamics;  however,  several 
caveats  need  to  be  stated.  We  have  used  the  Kubo- 
Toyabe  relaxation  function  in  its  static  form  as 
characteristic  of  a  stationary  MuBC  center.  This  func¬ 
tion  assumes  that  a  large  number  of  nuclear  moments 
contribute  equally  to  local  magnetic  fields  at  the  muon 
location.  In  reality,  these  fields  are  dominated  by  the 
two  nearest  neighbors  for  a  BC  site,  giving  a  slightly 
different  functional  form  [12].  The  slow  hop  rates  found 
at  low  temperatures  might  simply  represent  these 
differences;  and,  although  very  high-statistics  data  could 
answer  that  question,  we  currently  have  no  points  with 
the  necessary  statistics.  If  one  accepts  the  static  KT 
function  as  properly  characterizing  a  stationary  MujjC, 
the  low-71  hop  rates  imply  temperature-independent 


dynamics.  This  is  typical  of  a  tunneling  process  and 
consistent  with  expectations  for  low- 7  hops  among  four 
BC  orientations  around  a  central  atom.  In  this  picture, 
the  onset  of  activated  dynamics  represents  detachment 
from  the  central  atom  and  global  hopping  motion 
among  BC  sites,  and  the  additional  change  in  dynamics 
signals  the  switch  to  T-site  based  diffusion.  The  state 
labels  in  Table  1  are  based  on  this  model  of  Mu* 
behavior.  Conversion  to  T-site  motion  in  this  analysis 
starts  by  225  K  and  is  nearly  complete  by  300  K.  If  the 
low-7"  dynamics  are  incorrect,  an  alternative  is  that  the 
200  K  onset  represents  thermally  assisted  local  tunnel¬ 
ing.  with  the  additional  change  in  dynamics  assigned  to 
diffusive  motion. 

A  second  complication  is  that  an  increase  in  de¬ 
polarization  rates  is  observed  above  300  K  for  p-type 
GaAs  and  GaSb  (the  high-7"  data  do  not  yet  exist  for 
GaP).  Such  increases  may  signal  either  muonium  charge- 
state  cycling  or  trapping  of  the  mobile  state.  In  GaAs. 
where  we  have  extensively  investigated  the 
high-7"  behavior,  Mu*  traps  at  an  ionized  Zn*  and  we 
obtained  zJKt  =  86.5(±.8)  kHz  for  the  complex.  This 
value  differs  considerably  from  that  assigned  to  the 
second  Mir  state  for  220-300  K  (Table  I).  Further¬ 
more,  the  hop  rates  are  too  small  for  Mif  to  encounter 
an  acceptor  on  average  over  much  of  this  range;  evidence 
of  the  trapped  state  is  present  only  above  290  K  in  the 
current  analysis.  We  therefore  discount  interaction  with 
another  impurity  as  the  explanation  of  changes  occurring 
just  above  the  onset  of  activated  dynamics. 

Formation  of  a  different  state  immediately  above  the 
onset  of  motion  was  also  observed  [13]  in  p-type  InP, 
where  the  new  state  was  interpreted  as  Mu*  in  the  TP 
interstitial  cage  based  on  observed  zIkt  values  compared 
to  local  fields  expected  for  various  sites.  The  present 
data  for  GaP  yield  a  value  for  Jkt  almost  identical  to 
that  for  InP,  lending  additional  credence  to  the  Tv  site 
interpretation.  The  difference  between  results  for  InP 
and  GaP  compared  to  GaAs  is  that  this  state  is  mobile 
from  its  initial  formation  in  GaAs.  Additional  support 
for  two  sites  comes  from  Mu°«-*Mu~  charge-cycle  data 
in  semi-insulating  GaAs  [14]  u'hich  also  suggests  two 
different  Mu4  states. 

Finally,  we  turn  to  the  additional  low- 7  state  in 
p-type  GaP.  A  similar  situation  is  seen  in  n-type  GaP 
and  reported  [15]  for  n-type  GaAs  as  well.  In  the  latter 
case.  Muf  QLCR  spectra  are  seen  only  above  150  K 
and  low- 7"  depolarization  rates  imply  interaction  of  the 
mobile  Mu”  with  donors,  leading  to  a  Mu-donor 
complex.  We  suggest  that  a  similar  low- 7  charge- 
exchange  interaction  and  formation  of  a  Mu-acceptor 
complex  is  present  for  p-type  GaP.  The  reaction  we 
envision  is  Mu°  +  A°-»Mu4'  +  A*  with  the  final  state 
most  likely  a  bound  complex.  The  rate  of  this  reaction 
would  be  reduced  when  the  acceptors  thermally  ionize, 
roughly  consistent  with  the  results  in  Fig.  2. 
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In  conclusion,  we  have  presented  zero-field  muon  spin 
depolarization  data  related  to  Mu+  defect  centers  in 
GaAs,  GaP  and  GaSb  which  support  the  possibility  of  a 
second  Mu+  site  and  three  distinctly  different  types  of 
motional  dynamics.  In  addition,  interactions  are  in¬ 
ferred  for  mobile  Muy  centers  with  neutral  acceptors  at 
low  temperatures  and  mobile  Mu+  centers  with  ionized 
acceptors  at  elevated  temperatures,  both  of  which  can 
lead  to  formation  of  Mu-acceptor  complexes  in  analogy 
to  hydrogen  passivation. 
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Abstract 


The  substitutional  incorporation  of  As  from  the  GaAs  substrate  during  the  MOVPE  growth  of  InSbBi  layers  has 
been  verified  by  resonant  Raman  scattering  measurements.  The  anticipated  reduction  in  the  energy  gap  was  also 
confirmed  by  infrared  spectroscopy.  The  detection  of  an  In- As  LO  phonon  mode,  as  well  as  the  absence  of  an  In-Bi 
phonon  mode,  established  that  no  Bi  was  substi tut i onal  1  y  incorporated  into  the  layers  and  that  the  previously  observed 
lattice  contraction  and  band  gap  reduction  are  entirely  attributed  to  As  incorporation.  <Xy  2001  Published  by  Elsevier 
Science  B.V. 

Keywords:  InSbBi;  Arsenic;  Raman  scattering 


1.  Introduction 

The  III— V  compound  InSb|  vBiv  has  received  atten¬ 
tion  as  a  candidate  for  infrared  detectors  operating  in 
the  8-14 pm  wavelength  range  [1^4].  The  band  gap  of 
InSbBi  can  in  principle  be  reduced  from  that  of  InSb 
(0.167eV  at  300X)  to  that  of  the  semi-metal  InBi 
(-L5eV  at  300  C).  Although  only  a  small  concentration 
of  Bi  is  required  to  decrease  the  band  gap  into  the 
desired  range,  the  large  miscibility  gap  of  the  material 
has  necessitated  the  use  of  non-equilibrium  growth 
techniques.  A  recent  series  of  papers  by  Lee  et  al.  [3,5] 
demonstrated  the  low  pressure  MOVPE  growth  of 
InSbBi  at  456T\  Seventy-seven  Kelvin  photoconductive 
spectral  response  measurements  clearly  indicated  an 
extension  of  the  absorption  edge  from  that  of  InSb 
(5.5  pm)  to  9.3  pm  for  layers  grown  on  GaAs  substrate. 
A  peculiarity  of  these  results  was  the  observed  lattice 
contraction  of  the  InSbBi  epilayers,  instead  of  the 
expected  lattice  dilation  [6].  This  was  tentatively 
attributed  to  a  cubic-to-tetragonal  phase  transformation 
as  Bi  incorporates  into  the  lattice. 
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In  a  report  by  Wagener  et  al.  [4],  the  crystalline 
properties  of  InSbBi  layers  grown  on  GaAs  substrates 
were  shown  to  dramatically  differ  from  layers  grown 
on  InSb  substrates.  The  observed  lattice  contraction 
observed  for  layers  grown  on  GaAs  substrates  was 
attributed  to  the  incorporation  of  As  from  the  substrate 
during  growth.  The  incorporation  of  As  was  found  to  be 
directly  attributed  to  the  interaction  between  Bi  and  the 
GaAs  substrate.  The  concentration  of  As  incorporated 
into  the  epilayers  also  increased  with  the  increased 
availability  of  Bi  in  the  reactor,  with  concentrations  as 
high  as  35mol%  InAs  being  incorporated.  Besides 
causing  lattice  contraction,  the  presence  of  As  was  also 
anticipated  to  dramatically  alter  the  optical  properties  of 
the  material.  In  this  paper,  the  incorporation  of  As  in 
these  layers  has  been  investigated  by  infrared  absorption 
and  Raman  spectroscopy. 


2.  Experimental 

The  InSbBi  layers  were  grown  in  a  horizontal 
MOVPE  reactor  at  atmospheric  pressure.  TMSb.  TMIn 
and  TMBi  were  used  as  precursors.  Layers  were  grown 
on  both  InSb  and  GaAs  substrates  (orientated  2'  off  the 
(100)  towards  <1  10>)  at  a  temperature  of  455  C 
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A  0.5  pm  thick  InSb  buffer  layer  was  grown  before 
introducing  TMBi  into  the  reactor.  The  layers  were 
grown  at  a  rate  of  2.1  pm/h,  with  the  total  epilayer 
thickness  of  approximately  2.6  pm.  The  TMIn  flow  rate 
was  maintained  at  5.6  pmol/min  and  the  Bi  to  group  V 
ratio  in  the  vapour  (Bi/V)  was  varied  between  0  and  0.1. 
The  infrared  absorption  edges  of  the  layers  were 
determined  by  Fourier  transform  infrared  spectroscopy 
using  a  Nicolet  Magma  550  spectrometer.  Resonant 
Raman  scattering  measurements  of  the  near-surface 
region  were  also  obtained  using  a  Jobin-Yvon  T640000 
Raman  spectrometer  and  CCD  detector.  The  acquisition 
optics  was  configured  in  the  triple  subtractive  mode, 
giving  a  resolution  of  roughly  1  cm-1.  The  647.1  nm  line 
of  a  Kr+-ion  laser  was  used  in  the  backscattering 
configuration.  The  particular  incident  photon  energy 
was  chosen  since  it  coincides  with  the  second  direct 
critical  point,  the  E\  energy  gap  =  1.86  eV  [7].  The 
resulting  resonance  effect  was  found  to  greatly  enhance 
the  Raman  scattering  signal.  The  laser  spot  size  was 
roughly  2  pm  in  diameter,  with  the  incident  power 
maintained  at  590  mW  (measured  at  the  laser). 


3.  Results  and  discussion 

If  As  is  incorporated  substitutionally  on  the  group  V 
lattice  sites  of  InSb,  additional  phonon  modes,  related 
to  the  In-As  bond,  are  expected.  Fig.  1  depicts  the 
Raman  scattering  spectra  of  InSbBi  layers  grown  with 
a  V/III  =  2  and  a  Bi/V  ratio  =  0.1.  Fig.  1(a)  shows  the 
expected  LO-phonon  peak  at  190.2  cm-1  and  TO- 
phonon  mode  at  183.3  cm-1  for  layers  grown  on  InSb 
substrates.  Except  for  the  peaks  at  72  and  99  cm-1,  the 
spectrum  is  essentially  the  same  as  for  an  InSb  layer 
grown  on  InSb  substrate  [7].  This  agrees  with  previous 


Fig.  1.  Room  temperature  Raman  spectra  of  an  InSbBi 
epilayer  grown  on  (a)  InSb  and  (b)  GaAs  substrate.  The 
epilayers  were  grown  with  a  V/III  =  2  and  a  Bi/V  ratio  =  0.1. 


X-ray  diffraction  (XRD)  measurements  [4],  which 
showed  that  layers  grown  on  InSb  substrates  contained 
no  substitutional  Bi.  The  Raman  scattering  spectrum  for 
the  InSbBi  layer  grown  on  GaAs  substrate  (Fig.  1(b)) 
has,  however,  an  additional  peak  at  roughly  211cm-1. 
Since  As  is  expected  to  be  present  in  these  layers,  the 
extra  peak  is  ascribed  to  the  In-As  vibrational  mode. 
Although  the  vinAs  TO  phonon  mode  for  bulk  InAs  is 
2 18.6 ±0.2  cm-1  [8],  the  presence  of  Sb  neighbouring 
atoms  in  the  InAsSb  alloy  is  expected  to  shift  the  InAs- 
phonon  modes  towards  lower  frequencies. 

A  Raman  study  by  Li  et  al.  [9]  revealed  that 
InAsi_ASbv  displays  a  two-mode  behaviour  over  the 
entire  composition  range,  with  the  InAs-like  LO 
phonon  frequency  having  a  composition  dependence  of 
vinAs  (cm-1)  =  238-32*.  An  InAs-like  LO  mode  at 
211cm-1  would  then  correspond  to  a  composition  of 
roughly  16mol%  InAs,  significantly  less  than  the 
concentration  of  36mol%  InAs  measured  by  XRD. 
Although  less  pronounced,  the  InSb-like  LO  phonon 
mode  also  has  a  linear  dependence  on  composition,  with 
Vjnsb  (cm-1)=  177  +  12*.  For  a  composition  of  16mol% 
InAs,  the  InSb-like  LO  mode  is  therefore  expected  to 
decrease  by  only  1.9  cm-1.  Due  to  the  high  absorption 
coefficient  of  InSb  at  647. 1  nm,  the  observed  scattering 
originates  from  a  region  extending  roughly  500  A  below 
the  surface.  The  expected  decrease  in  the  As  concentra¬ 
tion  towards  the  surface  [4],  together  with  the  high 
vapour  pressure  of  As,  will  produce  a  near-surface  As 
concentration  notably  lower  than  that  measured  by 
XRD.  Based  on  the  above  discussion,  the  peaks 
measured  in  Fig.  1(b)  at  190.0  and  182.8  cm-1  are 
labelled  with  the  InSb-like  LO  and  TO  phonon  modes, 
respectively,  and  the  peak  at  21 1  cm-1  with  the  InAs-like 
LO  phonon  mode. 

The  InAs-like  LO  peak  position  showed  a  very  weak 
dependence  on  the  Bi/V  ratio  and  consequently  the  As 
concentration.  Fig.  2  shows  the  Raman  spectra  for 
layers  grown  with  significantly  different  Bi/V  ratios 
(and  hence  As  concentrations)  on  GaAs  substrates.  The 
As  concentrations  determined  by  XRD  were  11  and 
36mol%  InAs  for  Figs.  2  (a)  and  (b),  respectively.  The 
similarity  of  the  InAs-like  LO  peak  positions  is  probably 
due  to  similar  As  concentrations  in  the  near-surface 
region,  as  well  as  a  slight  insensitivity  to  changes  in 
composition.  The  InSb-like  TO  mode  was  also  found  to 
be  enhanced  with  higher  Bi/V  ratios  (or  As  concentra¬ 
tions).  This  can  either  be  attributed  to  a  deterioration  in 
crystallinity,  since  increased  Bi/V  ratios  produced 
broader  XRD  peaks  [4],  or  to  the  presence  of  alloy 
disorder  with  the  addition  of  a  second  group  V  atom  [9]. 

The  LO  and  TO  vibrational  modes  for  InBi  are  161 
and  155  cm-1,  respectively  [10].  No  phonon  mode  was, 
however,  observed  in  this  region.  This,  therefore,  clearly 
illustrates  that  the  lattice  contraction  related  to  growth 
on  GaAs  substrates  only  requires  that  Bi  be  present 
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Raman  shift  (cm'1) 

Fig.  2.  Room  temperature  Raman  spectra  of  an  InSbBi 
epilayer  grown  on  GaAs  substrate  with  a  V/1 1 1  =  2  and  a  Bi/V 
ratio  of  (a)  0.01  and  (b)  0.1.  The  deconvolution  of  the  spectra 
has  been  obtained  by  fitting  three  Lorentzian  functions. 


Fig.  3.  Room  temperature  infrared  transmittance  curves  of 
2.1  pm  thick  InAsj  xSbx  layers  resulting  from  As  incorporation 
from  the  GaAs  substrate.  The  compositions  have  been 
determined  by  XRD. 

during  the  growth,  with  Bi  having  no  direct  influence  on 
the  epitaxial  properties  of  the  epilayers.  The  two  extra 
peaks  shown  in  Figs.  1  and  3  (positioned  at  72  and 
99  cm "  ')  were  measured  in  only  two  of  the  samples.  The 
Raman  spectrum  of  Bi  has  a  prominent  mode  at 
141cm" 1  [10].  It  is.  therefore,  unlikely  that  the  two 
peaks  are  attributed  to  Bi  precipitates  within  the 
material  [4].  Since  the  two  peaks  have  been  detected  in 
layers  grown  on  both  InSb  and  GaAs  substrates,  it  is 
also  unlikely  that  they  are  related  to  the  incorporation  of 
As  or  Ga.  Their  origin  therefore  remains  unclear. 

The  Raman  scattering  measurements  clearly  corrobo¬ 
rate  the  incorporation  of  As  into  the  epilayers,  which 


was  inferred  from  the  lattice  contraction  measured  by 
XRD  [4].  Besides  lattice  contraction,  the  substitutional 
incorporation  of  As  is  also  expected  to  alter  the  energy- 
gap  of  the  material:  the  300  K  energy  gap  decreases  with 
increasing  As  concentrations,  reaching  a  minimum  of 
0.12eV  (absorption  edge  of  roughly  1 2  pm)  at  35  mol  % 
InAs.  The  epilayers  in  which  As  has  been  incorporated 
are  therefore  capable  of  having  significantly  increased 
absorption  cut-off  wavelengths.  Fig.  3  shows  the  room 
temperature  transmittance  spectra  of  InAsSb  layers 
resulting  from  As  incorporation  from  the  GaAs 
substrate.  The  layers  were  grown  with  different  V/III 
and  Bi/V  ratios.  The  compositions,  which  were  deter¬ 
mined  by  XRD,  increased  from  9.2  to  36mol%  InAs  as 
the  Bi/V  ratio  was  increased  from  4.4  x  10  4  to  0.1.  The 
high  surface  roughness  of  these  layers  produced 
significant  photon  scattering.  As  a  result,  it  was  not 
possible  to  calculate  sensible  values  for  the  absorption 
coefficient.  What  is  clear,  however,  is  that  the  absorption 
edge  of  the  InAsSb  layers  shifts  to  lower  energies  (longer 
wavelengths)  as  the  As  concentration  increases.  The 
overall  reduction  in  transmittance  with  increasing 
composition  is  ascribed  to  the  increased  surface  rough¬ 
ness  of  the  layers.  The  sharp  drop  in  transmittance 
below  0.07  eV  is  due  to  the  low  response  of  the  IR 
detector  in  this  wavelength  region. 


4.  Conclusions 

Even  though  the  original  objective  was  to  reduce 
the  energy  gap  by  incorporating  Bi  into  the  InSb 
lattice,  no  direct  evidence  of  substitutional  Bi  could  be 
found.  Instead,  a  reduction  in  the  energy  gap  was 
achieved  by  the  interaction  of  Bi  with  the  GaAs 
substrate,  which  consequently  led  to  the  substitutional 
incorporation  of  As  into  the  layers.  This  was  success¬ 
fully  verified  by  the  observed  In-As  vibrational  mode,  as 
well  as  by  the  extension  of  the  absorption  edge  to  longer 
wavelengths.  Care  should,  therefore,  be  taken  with 
growth  studies  involving  Bi.  as  well  as  possibly  other 
heavy  metals,  i.e.  thallium,  with  special  attention  given 
to  variations  in  the  properties  of  layers  grown  on 
different  substrates. 
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Abstract 

Deep  levels  are  examined  in  the  whole  band  gap  of  strained  Ga(As,N)  with  3%  GaN  composition  by  deep-level 
transient  Fourier  spectroscopy  on  as-grown  as  well  as  annealed  GaAs/Ga(As.N)/GaAs  heterojunctions  grown  by 
molecular  beam  epitaxy.  In  the  lower  half  of  the  band  gap,  there  are  only  hole  traps,  which  are  not  associated  with 
nitrogen-related  defects.  For  n-type  structures,  we  find  in  as-grown  samples  a  huge  concentration  of  an  electron  trap  at 
Ec  ~  0.25  eV,  which  is  most  likely  connected  with  the  nitrogen  split  interstitial  defect  (N-N)As.  The  concentration  of 
this  giant  trap  can  be  strongly  reduced  by  rapid  thermal  annealing.  (Tj  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  MBE-grown  Ga(As.N):  Hole  and  electron  traps;  Post-growth  treatment 


1.  Introduction 

Group-III-arsenide-nitrides  grown  on  GaAs  sub¬ 
strates  are  promising  materials  for  optoelectronic 
devices.  Ga(As.N)  layers  are  of  special  interest,  because 
the  band  gap  decreases  drastically  with  increasing  GaN 
composition  [1-3].  In  contrast  to  the  optical  properties, 
the  electrical  characteristics  of  Ga(As.N)  layers  have 
been  hardly  studied.  We  have  recently  shown  that  p-type 
GaAs/Ga(As.N)  interfaces  exhibit  a  very  small  valence 
band  offset  A E\  [4].  For  a  GaN  composition  of  3%, 
A E\  values  of  (ll±2)meV  have  been  determined.  For 
the  same  composition,  the  conduction  band  offset 
A  Ec  has  been  found  from  n-type  GaAs/Ga(As,N) 
heterostructures  to  be  -(400  ±10)  me V  [5],  Thus,  the 
Ga{As.N)/GaAs  heterointerface  is  definitely  of  type  I,  in 
accordance  with  first  principle  calculations  [6]. 

Crystal  quality  and  luminescence  efficiency  of 
Ga(As,N)  layers  deteriorate  unfortunately  for  larger 
GaN  mole  fractions.  Both  can  be  remarkably  improved 
by  postgrowth  heat  treatment  [7].  The  degradation  and 
anneal  mechanisms  are  still  controversially  discussed. 
The  presence  of  N-related  deep-level  defects  has  been 
often  postulated,  but  not  explored  yet.  We  therefore  use 
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deep-level  transient  Fourier  spectroscopy  (DLTFS)  [8] 
on  p-  and  n-type  GaAs/Ga(As,N)/GaAs  heterojunctions 
grown  by  molecular  beam  epitaxy  (MBE)  to  examine  the 
spatial  distribution  of  hole  and  electron  traps  in  as- 
grown  as  well  as  annealed  structures.  The  main  hole 
traps  in  as-grown  and  annealed  Ga(As.N)  layers  with  a 
GaN  mole  fraction  of  3%  are  due  to  Cu  and  Fe 
impurities  with  concentrations  in  the  lO^cm"3  range. 
For  as-grown,  n-type  Ga(As,N),  substantial  densities 
above  1017cm " 3  are  estimated  for  an  electron  trap  at 
about  0.25  eV  below  the  conduction  band  edge  £c ■  The 
corresponding  defect  is  of  intrinsic  origin  and  probably 
associated  with  nitrogen  split  interstitials  (N-N)As. 
Its  concentration  can  be  drastically  reduced  by  rapid 
thermal  annealing  (RTA). 


2.  Experimental  details 

p-  and  n-type  GaAs/Ga(As,N)/GaAs  heterostructures 
were  grown  by  elemental  source  MBE  on  p‘  -  and  n' - 
type  GaAs(001)  substrates,  respectively.  Dimeric  ar¬ 
senic  and  atomic  nitrogen  were  provided  by  a  thermal 
cracker  and  a  radio  frequency  (RF)  nitrogen  plasma  cell, 
respectively.  Details  of  the  growth  [7]  and  of  the  carrier 
distribution  [4,5]  in  the  investigated  heterostructures 
have  been  published  previously.  Deep-level  spectra  were 
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measured  with  a  computer-controlled  Bio- Rad  DL8000 
system  based  on  the  DLTFS  technique  [8].  For  this 
paper,  temperature  scans  of  the  first  sine  coefficient  b\ 
were  evaluated  with  a  period  of  1  s.  RTA  was  performed 
after  growth  for  60s  at  760°C  with  a  GaAs  proximity 
cap  under  N2  atmosphere. 


3.  Results  and  discussion 

3.1.  p-type  GaAs/Ga( As,N ) /GaAs  structures 

For  an  as-grown,  p-type  GaAs/Ga(As,N)/GaAs 
structure,  deep-level  spectra  are  shown  in  Fig.  1  as 
relative  capacitance  changes  A  C/C  vs.  temperature 
under  various  bias  conditions.  Fig.  1  exhibits  a  sequence 
of  distinct  peaks  labeled  Hkl  to  Hk5,  which  are 
observed  in  all  as-grown  heterostructures.  Their  respec¬ 
tive  thermal  activation  energies  are  found  to  be  about 
0.17,  0.39,  0.36,  0.55,  and  0.69  eV.  The  peak  heights 
strongly  change  with  bias.  Since  different  bias  conditions 
lead  to  deep-level  responses  from  different  depths  below 
the  MS  contact,  Fig.  1  shows  that  the  concentration  of 
all  hole  traps  strongly  varies  with  position.  A  further 
striking  property  of  the  level  responses  concerns  the 


Fig.  1 .  Deep-level  spectra  for  an  as-grown,  p-type  heterostruc¬ 
ture.  The  spectra  1-8  correspond  to  increasing  reverse  biases. 
The  pulse  height  was  0.5  Y.  For  the  hole  traps  Hkl  to  Hk5  in 
Ga(As,N)  and  GaAs,  the  temperature  positions  of  the  DLTFS 
peaks  are  marked  by  dashed  and  solid  lines,  respectively. 


shift  of  the  DLTFS  peak  temperatures.  For  example,  the 
signal  of  the  hole  trap  Hk4  is  observed  in  the  lower  bias 
range  (curves  3  and  4)  at  260  K.  This  peak  shifts  at 
intermediate  bias  values  towards  250  K  (curves  5  and  6) 
and  then  back  to  260  K  at  sufficiently  high  reverse  biases 
(curves  7  and  8).  Such  a  behavior  is  characteristic  for  a 
defect  with  composition-dependent  features.  Very  small 
differences  of  the  thermal  activation  energy  £th  are 
expected  for  hole  traps  linked  to  the  same  defect  in 
GaAs  and  in  Ga(As,N),  because  the  band  offset  A Ey  is 
only  llmeV  [4].  For  level  Hk4,  the  DLTFS  peaks  in 
Fig.  1  at  low,  intermediate,  and  high  reverse  biases  can 
be  associated  with  the  same  defect  in  the  upper  GaAs, 
the  Ga(As,N),  and  the  bottom  GaAs  layers,  respectively. 
Detailed  depth  profiles  of  the  level  concentration  (not 
shown)  emphasize  that  the  switch  from  one  to  the  other 
peak  position  occurs  for  all  hole  traps  at  the  GaAs/ 
Ga(As,N)  interfaces. 

Levels  Hk2  and  Hk5  are  identical  to  the  well-known 
hole  traps  A  and  B,  which  are  the  dominant  levels  in 
GaAs  grown  by  liquid  phase  epitaxy  [9].  They  originate 
from  the  GaAs  antisite  defect  [9,10].  In  particular,  the 
hole  trap  Hk5  is  observed  in  this  study  being  spatially 
localized  at  the  surface  of  the  GaAs  top  layer  (see  curves 
1—3  in  Fig.  1).  It  is  a  general  phenomenon  that  GaAs 
antisite  defects  are  formed  during  epitaxial  GaAs 
growth  near  the  p-type  surface  [11],  because  the  defect 
formation  energy,  which  depends  strongly  on  the 
position  of  the  Fermi  level  [12],  becomes  smaller  at  the 
surface. 

The  levels  Hk3  and  Hk4  exhibit  properties  identical 
to  those  well-known  hole  traps  in  GaAs,  which  are 
associated  with  Cu  and  Fe  atoms  on  Ga  sites, 
respectively  [13,14].  Their  occurrence  in  Ga(As,N)  is 
apparently  linked  with  the  operation  of  the  RF  plasma 
source  or  the  nitrogen  purity.  All  dominant  hole  traps 
can  be  removed  by  annealing. 

3.2.  n-type  GaAs/Ga(As,N)/ GaAs  structures 

For  an  as-grown,  n-type  GaAs/Ga(As,N)/GaAs 
structure,  deep-level  spectra  are  plotted  in  Fig.  2  for 
varying  bias  conditions.  The  presence  of  a  giant  electron 
trap  labeled  Ekl  is  obvious  below  200  K.  Its  peak 
position  is  constant  at  low  reverse  biases  (curves  1—3) 
and  shifts  to  higher  temperatures  for  higher  reverse 
biases.  The  thermal  activation  energy  Et h  of  this 
dominant  level  changes  from  0.25  (curve  1)  to  0.49  eV 
(curve  7).  At  higher  reverse  biases,  level  Ekl  disappears, 
and  three  minor  electron  traps  Ek2,  Ek3,  and  Ek4 
emerge  with  energies  of  about  0.60,  0.67,  and  0.75  eV, 
respectively.  They  disappear  for  even  higher  reverse 
biases  (curve  10  in  Fig.  2). 

To  determine  the  location  of  measured  DLTFS 
responses,  depths  are  commonly  determined  from  the 
voltage-dependent  capacitance  of  the  MS  contact 
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Fig.  2.  Deep-level  spectra  for  an  as-grown,  n-typc  heterostruc¬ 
ture.  The  spectra  1-10  correspond  to  increasing  reverse  biases. 
Curves  1  and  10  were  measured  at  -2  and  -6.5  V,  respectively. 
The  pulse  height  was  0.5  V. 


including  the  /-effect  [15].  Wet  however,  find  for  n-type 
heterostructures  an  admittance  dispersion  (see  Ref.  [5]). 
The  capacitance  therefore  depends  additionally  on 
frequency  and  temperature  (not  shown).  This  admit¬ 
tance  dispersion  is  due  to  the  diffusion  barrier  at  the 
GaAs/Ga(As,N)  interfaces,  which  originates  from  the 
relatively  large  conduction  band  offset  of  400  meV  [5]. 
The  potential  distribution  around  the  Ga(As,N)  layer  is 
illustrated  in  Fig.  3.  Dots  in  Fig.  3  mark  for  each  bias 
the  thickness  obtained  from  the  capacitance. 

In  the  bias  range  between  -2  and  -3V,  the  peak 
position  of  the  trap  Ekl  remains  at  170K  (curves  1-3  in 
Fig.  2),  and  the  capacitance  is  dominated  by  electrons  in 
the  Ga(As,N)  layer  (cf.  Fig.  3).  However,  there  is  a 
further  (smaller)  contribution  to  the  capacitance  at 
the  edge  of  the  depletion  layer  in  GaAs  close  to  the 
Ga(As,N)-on-GaAs  interface  (see,  vertical  dashed  line  at 
725 nm  in  Fig.  3).  The  signal  of  the  electron  trap  Ekl  is 
related  to  this  part  of  the  measured  capacitance. 
Including  the  band  offset,  the  /.-correction  for  the  level 
Ekl  is  about  200 nm  (double  arrow  in  Fig.  3).  We  can 
therefore  conclude  that  the  giant  trap  Ekl  is  located  in 
the  Ga(As.N)  layer.  Its  concentration  is  estimated  to  be 
above  1  x  10I7cm~\ 

As  long  as  the  capacitance  is  dominated  by  the 
electrons  in  Ga(As,N),  the  Ekl  signal  originates  from 


Depth  (nm) 

Fig.  3.  Band  diagram  of  investigated  n-type  GaAs/Ga(As.N); 
GaAs  structures  as  obtained  from  solutions  of  the  Poisson 
equation  for  several  reverse  biases.  The  Fermi  level  for  each 
bias  is  given  by  a  horizontal  dashed  line.  Dots  mark  for  each 
bias  the  thickness  obtained  from  the  capacitance.  The  edge  of 
the  depiction  layer  in  the  bottom  GaAs  layer  is  marked  by  the 
vertical  dashed  line  at  725 nm.  For  level  Ekl.  the  /.  value  is 
indicated  by  a  double  arrow. 


the  Ga(As,N)  layer.  Its  peak  position  and  height  remain 
constant  with  increasing  reverse  bias  (curves  1-3  in 
Fig.  2).  In  the  bias  range  from  -3  to  -5  V,  the  capacitive 
contribution  of  the  electrons  in  the  Ga(As,N)  layer 
becomes  weaker  and  the  capacitance  is  more  and  more 
governed  by  the  depletion  layer  edge  in  the  bottom 
GaAs  layer  (dashed  line  at  725  nm  in  Fig.  3).  Under 
these  conditions,  the  DLTFS  peaks  of  the  electron  trap 
Ekl  are  due  to  the  interface  region,  where  the  GaN  mole 
fraction  decreases  with  increasing  reverse  bias.  We 
observe  a  shift  of  the  DLTFS  peak  to  higher  tempera¬ 
tures  and  a  decrease  of  the  trap  concentration  (curves 
4-7  in  Fig.  2).  The  level  Ekl  in  the  Ga(As,N)  band  gap 
reflects  the  increase  of  the  conduction  band  edge  energy 
with  decreasing  GaN  composition.  The  electron  trap 
Ekl  is  probably  associated  with  the  split  interstitial 
defect  (N-N)as.  As-grown  Ga(As.N)  layers  contain 
a  significant  concentration  of  interstitial  nitrogen 
[16],  in  agreement  with  the  theoretical  prediction  that 
nitrogen  split  interstitials  are  the  dominant  defects  in 
Ga(As,N)  [17]. 

Deep-level  spectra  of  the  same  GaAs/Ga(As,N)/GaAs 
structure  after  annealing  are  displayed  in  Fig.  4.  The 
concentration  of  the  electron  trap  Ekl  in  Ga(As.N)  is 
drastically  reduced  by  RTA.  We  believe  that  the 
underlying  defect  is  annihilated  by  reactions  between 
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Fig.  4.  Deep-level  spectra  for  the  same  n-type  heterostructure 
as  in  Fig.  2,  but  after  annealing.  The  spectra  1-9  correspond  to 
increasing  reverse  biases.  Curves  1  and  9  were  measured  at  -2 
and  -6V,  respectively.  The  pulse  height  was  0.5  V. 


intrinsic  defects.  It  is  obvious  that  all  partners,  which  are 
desired  for  the  complete  recombination,  are  available 
in  the  Ga(As,N)  region.  An  additional  level  with  an 
energy  below  lOOmeV  appears  after  annealing  under 
certain  bias  conditions  (peak  at  100K  in  Fig.  4).  By 
heat  treatment,  the  traps  Ek2  and  Ek4  are  additionally 
generated  in  the  GaAs  top  layer  (see,  curves  2  and  3  in 
Fig.  4).  The  level  Ek3  is  missing  after  annealing. 


4.  Conclusions 

Deep  levels  have  been  examined  in  the  whole  band 
gap  of  strained  Ga(As,N)  with  3%  GaN  composition.  In 
the  lower  half  of  the  band  gap  of  MBE-grown  material, 
there  is  no  indication  for  hole  traps,  which  could  be 


associated  with  nitrogen-related  defects.  For  n-type 
structures,  we  find  in  as-grown  samples,  however,  a 
very  high  concentration  of  an  electron  trap  at 
Ec  -  0.25  eV,  which  is  most  likely  connected  with  a 
nitrogen  split  interstitial  defect  on  As  site.  According  to 
thermodynamic  calculations,  this  interstitial  defect  is 
dominant  in  Ga(As,N)  [17].  However,  the  calculated 
trap  level  is  0.66  eV  below  the  conduction  band,  in 
contrast  to  the  experimental  value  of  0.25  eV.  The 
concentration  of  this  giant  trap  can  be  strongly  reduced 
by  annealing.  Since  the  capture  cross  section  of  this 
level  is  about  10" 17  cm2,  it  cannot  be  the  recombi¬ 
nation  center,  which  causes  the  degradation  of  the 
luminescent  properties  of  Ga(As,N)  at  higher  GaN 
compositions. 
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Abstract 

The  effects  of  structural  defects  on  the  electrical  activity  of  S-doped  GaNvAs,  Y  layers  formed  by  S  and  N  co- 
implantation  in  GaAs  are  reported.  S  and  N  ions  were  implanted  to  the  depth  of  about  0.4  pm.  Electrochemical 
capacitance  voltage  measurements  on  samples  annealed  at  945  C  for  10s  show  that  in  a  thin  (<0.1  pm)  surface  layer 
the  concentration  of  active  shallow  donors  is  almost  an  order  of  magnitude  larger  in  S  and  N  co-implanted  samples 
than  in  samples  implanted  with  S  alone.  The  activation  efficiency  of  S  donors  also  shows  a  broad  minimum  at  a  depth  of 
about  0.2  pm  below  the  surface.  The  results  of  these  electrical  measurements  are  correlated  with  the  distribution  of 
structural  defects  revealed  by  transmission  electron  microscopy  (TEM).  The  TEM  micrographs  show  that  in  addition  to 
a  band  of  dislocation  loops  commonly  found  in  ion  implanted  GaAs,  an  additional  band  of  small  voids  is  observed  in 
samples  co-implanted  with  S  and  N.  The  location  of  this  band  correlates  well  with  the  region  of  reduced  electrical 
activation  of  S  donors,  suggesting  that  the  formation  of  the  voids  through  N  accumulation  results  in  a  lower 
concentration  of  “active”,  substitutional  N  atoms.  Published  by  Elsevier  Science  B.V. 

Keywords:  GaNAAsi_v;  TEM;  Microstructure:  Implantation 


Incorporation  of  a  small  amount  of  N  (up  to  -5%) 
into  III-V  semiconductors  leads  to  a  dramatic  reduction 
of  the  energy  gap  of  the  resulting  group  III-N-V,  v 
alloys.  The  effect  has  been  observed  experimentally  in  a 
large  variety  of  III-N-V  alloys  including.  GaNAs  [1-4], 
GalnNAs  [3,5].  GaNP  [6.7],  InNP  [8,9]7  and  AlGaNAs 
[10].  The  issue  of  the  N-induced  band  gap  reduction  has 
been  addressed  by  a  number  of  recent  theoretical  studies 
[3,5-8].  It  has  been  shown,  based  on  the  band  antic¬ 
rossing  model  [11,12],  that  the  N-induced  downward 
shift  of  the  conduction  band  edge  and  a  large  increase  in 
the  electron  effective  mass  lead  to  great  improvements  in 
the  electrical  activation  of  group  VI  donors  [13].  The 
enhanced  electrical  activation  was  observed  in  the  as- 
grown  selenium-doped  GalnNAs  [14]  as  well  as  in  sulfur 
implanted  GaNvAs|  Y  [15].  A  large  increase  in  the 
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electrical  activation  of  sulfur  (S)  co-implanted  with  nitro¬ 
gen  in  GaAs  has  also  been  observed  [16].  In  the  case 
of  N  and  S  co-implanted  GaAs,  however,  the  increase  in 
the  electrical  activation  of  sulfur  donors  was  measured 
only  in  the  near-surface  region.  In  order  to  understand 
the  mechanism  leading  to  such  a  behavior,  we  performed 
detailed  structural  studies  using  transmission  electron 
microscopy  (TEM)  to  make  it  possible  to  correlate  the 
structural  defect  distribution  with  depth  profiles  of 
electrical  measurements. 

In  this  study  we  used  two  GaAs  wafers.  The  first  one 
was  implanted  only  with  S  and  the  second  was  co- 
implanted  with  S  and  N.  Multiple  energy  ion  implanta¬ 
tion  was  used  in  both  cases,  resulting  in  -0.4  pm  thick 
layers  with  -3.3  x  102°  1/cm3  of  N  and  -0.2pm  thick 
layers  with  -6x  10l<;  1/cm3  of  S.  After  implantation, 
wafers  were  covered  by  other  GaAs  wafers  (in  order 
to  prevent  As  outdiffusion)  and  annealed  at  945:C  for 
10s  by  rapid  thermal  annealing  (RTA)  in  a  flowing  N2 
ambient.  Cross-sectional  TEM  specimens  w'ere  prepared 
by  the  standard  method  of  mechanical  thinning  followed 
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by  ion  milling.  TEM  studies  were  carried  out  using  a 
TOPCON  002B  microscope  operated  at  200  kV. 

TEM  studies  performed  on  these  wafers  showed  the 
presence  of  subsurface  layers  of  post-implant  damage. 
The  distribution  of  structural  defect  present  in  these 
layers  studied  using  bright  field  TEM  images  of  both 
materials  is  shown  in  Fig.  1.  In  the  sample  implanted 
with  S  only  [see  Fig.  1(a)],  a  highly  defective  layer 
containing  stacking  faults,  a  dislocation  network  and 
small  angle  grain  boundaries  was  observed  below  the 
surface.  The  thickness  of  this  layer  varied  within  the 
range:  ~  0.05-0. 10  pm.  Below  this  layer  to  a  depth  of 
~ 0.2  pm  a  high  quality  crystal  layer  was  observed. 
However,  in  the  middle  of  this  layer  at  a  depth  of  about 
0.13  pm  below  the  surface,  a  narrow  band  of  tiny  defects 
was  present.  High  resolution  electron  microscopy 
studies  suggested  that  they  were  stacking  fault  tetra- 
hedra.  Such  defects  have  been  previously  reported  in 
implanted  GaAs  [17,18].  The  main  structural  feature 
visible  in  this  sample  was  a  band  of  defects  present  in  a 
layer  at  a  depth  from  ~0.2  to  ~  0.3  pm  below  the 
surface.  These  defects  were  the  dislocation  loops  with 
an  average  size  of  ~10nm,  located  on  {111}  planes 
surrounding  extrinsic  stacking  faults.  Such  a  band  of 
dislocation  loops  is  a  typical  feature  in  the  implanted 
and  then  annealed  GaAs. 

TEM  studies  of  the  S  and  N  co-implanted  samples 
[see  Fig.  1(b)]  showed  different  structural  features 
compared  to  those  observed  in  the  sample  implanted 
with  S  only.  The  only  similarity  was  the  presence  of  the 
band  of  dislocation  loops  at  the  depth  of  ~0.2-~0.3  pm 
below  the  surface.  This  band  was  slightly  narrower  and 
the  loops  were  larger  (with  an  average  size  of  ~  1 5  nm) 
than  in  the  sample  implanted  only  with  S.  There  were 
pits  observed  at  the  surface  of  the  sample  co-implanted 
with  N  and  S,  probably  originating  from  very  high 
annealing  temperature  or  stacking  fault  formation.  In 
this  sample,  a  broad  layer  containing  a  high  density  of 
small  voids  (of  an  average  size  of  about  4-5  nm)  was 
observed.  They  were  located  mostly  in  a  layer  extending 


(b) 


Fig.  1.  TEM  micrographs  of  GaAs  samples  implanted  with  S 
(a),  and  co-implanted  with  S  and  N  (b). 


from  ~  0.1  pm  to  ~  0.3  pm  below  the  surface.  Their 
concentration  rapidly  decreased  outside  this  area. 

The  observed  distribution  of  structural  defects  corre¬ 
lated  well  with  electrical  measurements  performed  on 
these  samples.  Depth  profiles  of  free  electron  concentra¬ 
tion  obtained  for  these  materials  by  electrochemical 
capacitance  voltage  (ECV)  are  shown  in  Fig.  2.  The 
calculated  distributions  of  implanted  species  are  also 
shown  in  this  figure.  One  can  observe  from  these  results 
that  the  electron  concentration  profile  measured  for  the 
sample  implanted  only  with  S  differs  drastically  from 
that  obtained  for  the  one  co-implanted  with  S  and  N. 
For  both  samples,  these  line  profiles  have  a  qualitatively 
similar  shape.  In  the  near-surface  region  for  a  thickness 
of  about  0. 1  pm  there  is  a  maximum  of  electron 
concentration.  Then  as  the  distance  from  the  surface 
increases  this  concentration  rapidly  decreases,  resul¬ 
ting  in  a  characteristic  dip  visible  on  these  profiles. 
Despite  these  qualitative  similarities  there  is  a  significant 
difference  between  the  two  profiles.  In  the  co-implanted 
sample,  the  density  of  free  electrons  in  the  near-surface 
region  is  almost  an  order  of  magnitude  higher  that  in  the 
sample  implanted  with  S  only.  On  the  other  hand,  the 
depth  of  the  dip  measured  for  the  co-implanted  sample 
is  much  larger  than  in  the  sample  with  S  only.  In 
addition,  this  dip  is  much  broader  (0.2  pm  compared  to 
0. 1  pm)  in  the  co-implanted  sample. 


depth  (pm) 

Fig.  2.  ECV  measured  net  donor  concentration  profiles  for  the 
GaAs  samples  implanted  with  S  alone  and  S  +  N  after  RTA  at 
945°C  for  10  s.  The  calculated  atomic  depth  profiles  for  both  S 
and  N  are  also  shown. 
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A  comparison  of  the  measured  free  electron  concen¬ 
tration  profiles  with  structural  defect  distributions 
shows  a  correlation  between  these  results.  In  the  sample 
implanted  only  with  S,  the  dip  in  the  electrical  profile 
correlates  well  with  the  location  of  the  band  of 
dislocation  loops.  It  is  likely  that  a  significant  fraction 
of  the  S  implanted  into  this  region  becomes  inactive 
by  accumulating  around  the  dislocation  cores.  This 
mechanism  is  probably  also  partially  responsible  for  the 
reduced  electrical  activation  of  S  in  the  co-implanted 
sample.  However,  it  seems  that  in  this  case  the  presence 
of  voids  is  an  even  more  important  mechanism  for 
reducing  the  electrical  activity  of  S.  These  voids  were 
most  likely  formed  as  agglomerates  of  vacancies  filled 
with  N  and  acted  as  defect  centers  compensating  for 
electrical  activity  of  S  donors.  This  argument  is 
supported  by  the  observed  very  large  activation  effi¬ 
ciency  of  S  donors  in  the  void-free  region  within  the 
~0.1  pm  layer  near  the  surface,  where  N  is  incorporated 
into  the  As  sublattice  forming  a  layer  of  GaNvAS|  v 
alloy. 

In  summary,  structural  defect  distributions,  observed 
by  TEM  in  GaAs  implanted  with  S  and  co-implanted 
with  S  and  N,  were  correlated  with  electrical  mea¬ 
surements  performed  on  the  same  samples.  It  was 
found  in  the  co-implanted  sample  that  besides  the 
typical  implantation  induced  structural  defects,  voids 
are  formed  in  the  material.  We  believe  that  these 
voids  were  filled  with  N  and  were  responsible  for  the 
reduced  activation  of  S  donors.  On  the  other  hand, 
experimental  results  indicate  that  large  N-induced 
enhancement  of  the  donor  activation  efficiency  can  only 
be  realized  in  the  void-free  region,  where  GaNvAsi  v 
alloy  was  formed. 
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Abstract 

InGaAsN  layers  grown  by  molecular  beam  epitaxy  were  investigated  using  Fourier  transform  infrared  absorption 
spectroscopy.  The  nitrogen-related  local  mode  at  471  cm-1  is  used  as  a  quantitative  tool  to  assess  the  substitutional 
nitrogen  fraction.  Evidence  is  presented  that  nitrogen  in  the  quaternary  alloy  is  bonded  only  to  gallium  atoms  as  in 
GaAsN.  No  change  in  the  local  environment  of  nitrogen  is  observed  after  annealing.  From  nuclear  reaction  analysis  of 
GaAsN  under  channeling  conditions  it  is  confirmed  that  the  major  fraction  of  nitrogen  atoms  (>95%)  is  localized  on 
string  positions.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Adding  of  a  small  amount  of  nitrogen  to  GaAs  during 
epitaxial  growth  leads  to  a  large  shrinkage  of  the  band 
gap  of  about  100  meV  per  percent  of  nitrogen  [1]. 
Contrary  to  the  low  concentrations  of  nitrogen  found 
in  bulk  GaAs,  being  even  in  polycrystalline  material  in 
the  lower  10 16  cm-3  range  at  a  maximum  [2],  alloy 
compositions  of  GaAsi_.vNY  layers  with  a  up  to  several 
percent  can  be  grown  by  molecular  beam  epitaxy  (MBE) 
as  well  as  metalorganic  vapor  phase  epitaxy  (MOVPE). 
The  simultaneous  addition  of  indium,  leading  to  the 
quaternary  system  InGaAsN,  further  reduces  the  band 
gap.  Therefore  optical  emission  in  the  1.3-1.55  pm 
range,  most  interesting  for  optical  fiber-based  commu¬ 
nication  systems,  can  be  expected  [3].  Several  groups 
reported  recently  on  the  observation  of  long-wavelength 
laser  activity  in  such  layers  [4-6],  culminating  in  the  first 
vertical-cavity  surface-emitting  laser  (VCSEL)  working 
under  CW  conditions  at  room  temperature  [7]. 
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In  spite  of  this  rapid  technological  progress,  the 
theoretical  understanding  of  the  remarkable  effects  of 
nitrogen  in  these  ternary  and  quaternary  dilute  alloy 
systems  is  still  under  debate  [8-12].  Partly,  this  is  related 
to  the  fact  that  it  is  experimentally  not  clear  whether  a 
true  random  alloy  exists  or  some  nitrogen-related 
ordering  occurs,  especially  in  the  case  of  the  quaternary 
InGaAsN.  Experimental  methods  typically  used  for 
characterization  are  mass  spectrometry,  photolumines¬ 
cence  (PL)  or  X-ray  diffraction  (XRD).  These  methods 
are  not  selective  with  respect  to  the  nitrogen  species  of 
interest,  which  is  nitrogen  on  the  anion  site.  Fourier 
transform  infrared  (FTIR)  absorption  spectroscopy 
can  provide  valuable  information  in  this  context. 
It  is  known  that  nitrogen  in  GaAs  gives  rise  to  a 
local  vibrational  mode  (LVM)  at  471  cm-1  which  is 
due  to  isolated  substitutional  nitrogen,  NAs  [13]. 
The  frequency  of  a  LVM  is  a  sensitive  tool  for  the 
environment  of  a  defect  as  it  is  dependent  on  the  bond 
strength  and  the  mass  of  the  nearest  neighbors  [14]. 
It  is  the  purpose  of  this  paper  to  use  FTIR  absorption 
spectroscopy  in  combination  with  nuclear  reaction 
analysis  (NRA)  under  channeling  conditions  to  resolve 
microscopic  details  of  the  local  environment  of  nitrogen 
in  these  diluted  alloys. 
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2.  Experimental 

GaAS[...  vNv  and  In,Ga|  .,.Asi  VN  V  layers  were  grown 
by  solid-source  MBE  on  semi-insulating  GaAs  (001) 
substrates.  A  radio  frequency-coupled  plasma  source 
was  used  to  generate  the  reactive  nitrogen  species  from 
N2.  Ternary  alloys  were  grown  up  to  3pm  thick. 
Quaternary  alloys  were  produced  as  multiple-quantum- 
well  (MQW)  structures  with  up  to  5  quantum  wells  of  up 
to  10  nm  thickness.  The  nitrogen  content  .v  was  between 
0.003  and  0.027  (according  to  X-ray  diffraction  [1]), 
the  indium  content  y  between  0.3  and  0.4.  Standard 
annealing  was  performed  in  situ  at  750'C,  for  compara¬ 
tive  purposes  some  of  the  samples  were  annealed  ex  situ 
under  similar  conditions.  InAs  wafers  of  low  conductiv¬ 
ity  were  implanted  with  3-MeV  singly  charged  nitrogen 
ions.  Three  different  sets  of  samples  were  generated:  (i) 
2  x  10,f>  l4N  ‘  /cm2,  (ii)  2  x  I0I(’  l5N  '  /cm2,  (iii)  1  x  I0lh 
l4N  ‘  /cm2  +  I  x  1016  l5N  '/cm2. 

FTIR  measurements  were  carried  out  with  a  vacuum 
instrument  (Bruker  IFS  1 1 3 v)  using  a  globar  source 
and  a  tri-glycine  sulphate  (TGS)  detector.  Due  to  the 
pronounced  features  of  the  two-phonon  absorption  in 
the  GaAs  substrate,  subtraction  of  the  spectrum  of  a 
reference  sample  was  necessary.  GaAsN  layers  were 
investigated  by  NRA  under  channeling  conditions.  The 
normalized  yield  of  the  lAN((Ly.)]2C  nuclear  reaction  was 
measured  as  a  function  of  the  angle  of  incidence.  The 
deuteron  energy  was  1.4  MeV. 


3.  Results  and  discussion 

A  typical  low-temperature  (77  K)  FTIR  absorption 
difference  spectrum  of  an  In.Gaj  .As,  VNV  MQW 
structure  (.v  =  0.018.  y  —  0.35)  with  5  quantum  wells  of 
a  thickness  of  10  nm  each  is  shown  in  Fig.  I.  A  sharp 
band  is  found  at  471.4cm  l.  The  band  position  is 
identical  to  the  N-related  LVM  in  bulk  GaAs  [2].  By 
implantation  of  14N  and  l5N  it  has  been  proved  that  this 
band  is  due  to  the  isolated  nitrogen  impurity  on  the 
anion  lattice  site.  NAs  [13],  The  FWHM  of  about 
3.0  cm"  1  is  smaller  than  in  the  ternary  alloy  GaAsN  and 
not  much  larger  than  in  bulk  crystals  (2.0  cm  !).  This  is 
indicative  for  the  high  quality  of  the  MBE  layer.  After 
annealing  no  change  is  observed  neither  in  the  strength 
nor  in  the  position  of  the  band.  This  is  in  contrast  to  the 
behavior  reported  for  InGaAsN  layers  grown  by 
MOCVD  [15],  The  effect  of  annealing  is,  as  usually 
observed,  a  large  increase  of  the  PL  intensity.  Evidently, 
this  enhancement  is  not  related  to  a  substantial  re¬ 
distribution  of  the  substitutional  nitrogen  fraction  itself, 
but  probably  is  caused  by  annealing  of  nonradiative 
recombination  centers  [16].  It  should  be  mentioned  that 
the  471cm  1  band  was  also  detected  by  Raman 
spectroscopy  [17.18]. 


For  different  in  situ  or  ex  situ  annealed 
In,Ga|  vAsj  VNV  MQW  structures  (0.3 0.4),  the 
area  under  the  absorption  band,  the  integrated  absorp¬ 
tion  (IA),  is  plotted  versus  the  nitrogen  content  as 
determined  by  XRD  on  GaAsN  layers  produced  by 
similar  MBE  growth  conditions  (Fig.  2).  For  .v^O.02 
reasonable  agreement  is  found  with  the  calculated  IA 


Fig.  I.  Low-tempcraturc  FTIR  absorption  spectra  of  an 
In,Gai  ,As|  XNA  MQW  structure  with  y  =  0.35  and  ,v  = 
0.018  before  and  after  (ex  situ)  annealing.  The  reference 
spectrum  has  been  subtracted.  The  spectrum  of  annealed 
sample  has  been  displaced  vertically  for  clarity.  The  inset 
shows  the  NA,  LVM  of  a  nitrogen-rich  GaAs  bulk  crystal  for 
comparison. 


XXRD 


Fig.  2.  IA  of  the  471  cm  1  band  in  different  In,Gaj  ,AS]  VNV 
MQW  structures  (0.3  <y  =$0.4)  as  a  function  of  the  nitrogen 
content  determined  by  XRD.  The  straight  line  is  calculated 
using  the  calibration  factor  derived  from  mass  spectrometry  in 
bulk  GaAs  crystals  (Ref.  [2]).  The  inset  shows  the  lateral 
variation  of  the  IA  along  the  (100)  direction  of  a  75-mm  wafer 
(sample  with  full  circle  in  the  main  graph). 
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based  on  the  IR  calibration  factor  of  7.4  x  1015cm_1 
derived  from  mass  spectrometry  on  nitrogen-rich  bulk 
GaAs  crystals  [2].  For  higher  x  values  considerable 
deviations  exist, 

as  previously  observed  in  GaAsN  layers  [13].  It  should 
be  noted  that  recently  also  deviations  were  reported 
from  Vegard’s  law,  which  is  the  basis  for  the  XRD 
determination  of  the  nitrogen  content,  for  x>  0.015  in 
GaAs { _VNV  [19].  We  found  no  dependence  of  the  N 
content  on  the  In  content  in  the  limited  variation  range 
for  the  In  content  (0.3  0.4).  This  is  in  agreement 

with  the  conclusions  drawn  by  other  groups  for  MBE 
material  [20].  In  any  case,  the  FTIR  method  provides  a 
sensitive  tool  to  assess  quantitatively  the  substitutional 
nitrogen  content  in  MBE  MQW  structures.  For  the  first 
time,  it  could  be  proved  directly  that,  up  to  moderate  x 
values  of  about  0.02,  nitrogen  is  incorporated  predomi¬ 
nately  on  the  anion  lattice  site. 

This  picture  is  corroborated  by  the  NRA  investigation 
on  selected  GaAsj_.vNY  layers  produced  by  similar  MBE 
growth  conditions.  In  Fig.  3  the  result  is  shown  for  a 
layer  with  a  thickness  of  0.35  gm  and  a  total  chemical 
nitrogen  content  of  0.6%.  The  normalized  yield  of  the 
14N(^/,a)12C  nuclear  reaction  was  measured  as  a  function 
of  the  angle  of  incidence.  Using  a  kinematical  model  for 
the  reaction  between  deuterons  and  nitrogen  atoms,  the 
area  projection  of  the  N  concentration  in  the  GaAs 
lattice  was  calculated.  N  is  predominantly  localized  on 
string  positions.  However,  the  half  width  of  the 
distribution  is  larger  than  the  thermal  oscillation 
amplitude  of  the  matrix  atoms  (<«th  >  ~0.1  A).  The 


<ioo> 


Fig.  3.  Area  projection  of  the  14N  content  derived  from  NRA. 
The  GaAsi_.vNv  layer  investigated  has  a  thickness  of  0.35  gm 
and  a  total  chemical  nitrogen  content  of  0.6%.  The  half  width 
of  the  distribution  is  larger  than  the  thermal  oscillation 
amplitude  of  the  matrix  atoms  (<W[h  >  «0.1  A;  indicated  by 
white  circle). 


fraction  of  nitrogen  atoms  on  interstitial  sites  is 
estimated  to  be  less  than  5%. 

Using  Monte  Carlo  simulations  for  the  quaternary 
system  InGaAsN,  it  was  predicted  that  nitrogen  should 
bond  preferably  with  In  atoms  [21].  The  argument  is 
that  the  low-strain  configuration  N-In  is  energetically 
more  favorable  than  N-Ga,  in  spite  of  the  fact  that  the 
N-Ga  bond  energy  is  higher.  Also  experimentally  some 
indications  were  presented  that  local  correlations 
between  nitrogen  and  indium  occur  [15,22].  Our  FTIR 
results  do  not  support  such  a  behavior.  The  LVM 
frequency  of  NAs  in  InGaAsN  is  the  same  as  in  pure 
GaAs  (Fig.  1).  For  nitrogen  surrounded  by  indium  a 
considerable  lowering  of  the  LVM  frequency  is  ex¬ 
pected.  First  indication  is  the  LO  phonon  frequency 
being  in  InAs  only  254  cm-1  compared  to  296  cm-1  in 
GaAs.  The  so-far  unknown  frequency  of  the  corre¬ 
sponding  NAs  LVM  in  InAs  was  studied  by  implanta¬ 
tion  of  14N  and  !5N  into  bulk  crystals  (Fig.  4).  The  result 
is  similar  to  the  same  experiment  in  GaAs  [13].  Two 
LVMs  are  observed  at  443  +  0.5  and  429 +  0.5  cm-1 
being  due  to  14N  and  15N,  respectively.  The  close 
correspondence  to  the  same  experiment  in  GaAs  leaves 
no  doubt  that  these  bands  are  the  LVMs  of  14NAs  and 
I5NAs  in  InAs,  respectively.  The  frequency  lowering 
amounts  to  6.3%  relative  to  GaAs.  Cluster  calculations 
have  shown  that  already  the  inclusion  of  nearest 
neighbors  leads  to  a  very  good  approximation  of  the 
true  LVM  frequency  [23].  Therefore  a  NIn4  complex 
in  InGaAsN  should  show  a  LVM  frequency  which  is 
close  to  the  frequency  of  NAs  in  bulk  InAs.  In  a  random 


Fig.  4.  FTIR  absorption  spectra  of  nitrogen-implanted  InAs 
samples.  The  difference  spectra  shown  were  obtained  after 
subtraction  of  the  reference  spectrum  and  a  flat  baseline.  The 
inset  shows  from  bottom  to  top  the  uncorrected  spectra  of 
unimplanted  reference  sample,  the  14N-,  l4N/15N-,  and  the  15N- 
implanted  sample. 
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alloy  with  v  =  0.35,  the  probability  that  0,  1,2,  3,  and  4 
nearest-neighbor  indium  atoms  surround  a  nitrogen 
atom  on  the  anion  site,  is  0. 1 79,  0.384,  0.3 1 1 , 0. 1 1 1 ,  and 
0.015,  respectively.  From  theory,  these  complexes  have  9 
different  LVM  frequencies  which  are  essentially  spread 
between  the  LVM  frequencies  of  NGa4  and  NIn4  [24]. 
No  such  bands  are  observed.  Therefore,  it  is  concluded 
that  in  the  MBE  grown  InGaAsN  MQW  structures 
investigated  nitrogen  is  surrounded  only  by  nearest- 
neighbor  gallium  atoms. 


4.  Conclusion 

Independent  from  the  indium  content,  nitrogen  in 

In,Ga] . vAsi  VNV  layers  grown  by  MBE  is  incorporated 

predominantly  as  substitutional  NAs  for  .y<0.02.  No  re¬ 
distribution  or  precipitation  is  found  after  annealing. 
Contrary  to  theoretical  predictions,  the  local  environ¬ 
ment  is  determined  by  4  nearest-neighbor  gallium  atoms. 
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Abstract 

In  this  work,  we  present  the  results  of  the  study  of  a  compensated  InP  slightly  doped  with  manganese.  In  this 
material,  a  large  drop  of  resistivity  (more  than  104)  with  temperature  decrease  (120-100  K)  has  been  observed.  In  order 
to  clarify  the  mechanism  of  this  effect  we  have  undertaken  the  following:  Hall  effect  and  magneto-resistance 
measurements;  magnetic  susceptibility  measurements;  measurements  of  EPR  and  NMR;  and  optical  absorption 
measurements.  The  main  results  of  our  investigations  are  (1)  a  peculiarity  of  NMR  results  corresponds  with  that  of  the 
Hall  effect  data  and  (2)  non-paramagnetic  behavior  of  an  6S-state  ESR  signal  in  the  temperature  region  30-300  K.  The 
main  idea  that  explains  these  results  exploits  the  non-symmetrical  character  of  the  manganese  d4  state.  The  impurity 
subband  formation  is  due  to  the  electron  tunneling  between  the  neutral  non-relaxed  manganese  centers  at  temperatures 
below  120  K.  We  present  some  ideas  in  order  to  observe  this  effect  in  other  A3B5  semiconductors  doped  with 
manganese.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  InP :  Mn;  Conductivity;  NMR;  ESR;  Impurity  subband 


1.  Introduction 

Manganese  in  A3B5  compounds  is  one  of  the 
most  interesting  impurities.  Many  unusual  effects 
have  been  observed  in  heavy  doped  materials  [1-2], 
and  mostly,  they  are  due  to  the  interactions  of  the 
d-shells  of  the  manganese  impurities.  Commonly,  the 
lesser  the  d-element  concentration  we  have  in  samples, 
the  weaker  effects  we  observe.  The  particular  effect  for 
such  compounds  is  observed  in  the  slightly  doped 
samples  of  InP :  Mn.  A  giant  resistivity  drop  has  been 
observed  [3]  under  the  temperature  decrease  in  the 
slightly  doped  highly  compensated  samples.  In  this 
work,  we  continue  the  investigation  of  this  phenomenon 
paying  special  attention  to  (a)  the  results  obtained  by 
EPR  and  (b)  the  comparison  of  the  Hall  effect  data  with 
NMR  data. 


♦Corresponding  author.  Tel.:  +7-812-552-7574;  fax:  +7- 
812-552-7574. 
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2.  Sample  preparations 

The  InP :  Mn  single  crystals  grown  by  a  liquid 
encapsulated  Chokhralsky  method  have  been  used. 
Manganese  has  been  added  to  the  melt  under  the 
growth  of  the  crystals.  The  very  beginning  of  the  ingot 
of  n-type,  the  middle  part  of  the  ingot  and  its  end  have 
the  conductivity  of  p-type  (the  distribution  coefficient  of 
Mn<l).  The  total  Mn  content  estimated  by  spectro- 
chemical  analysis  has  been  varied  over  the  range 
5  x  1 0 1 6— 2  x  1017/cm3  for  samples  having  an  unusual 
conductivity.  The  non-controlled  donor  concentration 
was  about  2  x  10l6/cm3,  the  sample  contacts  were  made 
by  In-Ni(3%)  alloy. 


3.  Experimental  results 

The  results  of  Hall  effect  measurements  for  two 
samples  are  shown  in  Fig.  1.  The  manganese  acceptor 
ionization  energy,  defined  by  n(T )  curve  in  the  tempera¬ 
ture  range  from  300  tol60K,  is  E\w  =(200±5)meV. 
The  same  energy  determined  by  the  p(T)  curve  is  equal 
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(a) 


Fig.  1.  Temperature  dependencies  of  resistivity  (a)  for  InP 
samples  doped  with  different  Mn  concentrations:  sample 
1-5  x  10l6/cm'\  sample  5 -5  x  10,7/cm\  and  carrier  concentra¬ 
tions  (b)  for  the  same  samples.  Dashed  lines  show  n-p-n 
conversion  with  temperature. 


to  180  and  157meV  for  the  samples  1  and  5,  res¬ 
pectively.  The  activation  energy  (1.35eV)  defined  from 
p(T)  curve  over  the  temperature  range  from  500  to 
800 K  correlates  well  with  the  forbidden  gap  energy  E g. 
A  giant  exponential  drop  of  resistivity  in  the  tempera¬ 
ture  range  from  120  to  100K  has  an  activation  energy  of 
300±2meV.  In  spite  of  p->n  conversion,  the  carrier 
mobility  changes  the  value  from  70cnr/Vs  only  to 
450-2500  cm2/V  s.  It  should  be  noted  that  the  difference 
in  electron  mobility  for  the  subband  (TclOOK)  450- 
2500cnr/Vs  is  much  less  than  the  corresponding  value 
known  for  n-InP  (77  K)  40,000  cm2/V  s.  The  magneto¬ 
resistivity  has  not  changed  significantly  demonstrating  a 
weak  linear  dependence  in  the  temperature  range  from 
200  to  77  K. 

The  optical  absorption  was  measured  at  300  K  and  the 
results  were  described  well  by  Lukovsky’s  formula  with 
the  threshold  £,o  =  249  +  6meV.  So,  we  have  observed 
the  difference  Eto  ~  ElU  ^  50meV. 

The  results  of  EPR  studies  obtained  for  the  tem¬ 
perature  range  3.8-1 50  K  are  shown  in  Fig.  2.  At 
low  temperatures,  the  EPR  spectrum  consists  of 
one  broad  line  having  the  unresolved  super  fine 


Temperature,  100/K 

Fig.  2.  The  dependence  of  the  relative  magnetisation  (circles) 
and  the  linewidth  (triangles)  on  temperature  for  sample  1. 


Sample  #1 


Temperature  T,  K 

Fig.  3.  The  temperature  dependence  of  the  relaxation  time  7", 
for  samples  1  and  5. 

structure  (g  =  1.99  +  0.03).  The  relative  magnetization 
which  is  proportional  to  a  magnetic  state  population  in 
4-1 10  K  temperature  range  increases  exponentially  with 
the  activation  energy  A£  =  22meV.  This  increase  is 
defined  mainly  by  the  temperature  variation  of  the 
linewidth.  The  shift  of  the  spectrum  to  the  range  of 
lower  magnetic  fields  has  been  observed  for  the 
temperature  interval  from  30  to  110K  (the  g  factor 
is  2.07  +  0.03).  The  Curie-Weiss-low  behavior  with 
0=-1.9K  has  been  observed  for  the  magnetic 
susceptibility. 

The  temperature  dependences  of  NMR  relaxation 
time  T\  for  two  samples  [4]  are  shown  in  Fig.  3.  The 
NMR  measurements  were  carried  out  on  1  i;4n  nucleus 
at  8  MHz.  The  value  of  T\  has  been  varied  as  Tu 
dependence  for  both  samples  (1  and  5)  in  the  tempera¬ 
ture  range  from  250  to  200  K.  It  is  important  to  note 
that  in  the  temperature  range  from  185  to  160K  the 
differences  between  the  two  samples  have  been  revealed: 
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300 K  150K  100K 
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Fig.  4.  An  illustration  of  electron  and  hole  transport  in 
InP:Mn  at  different  temperatures:  300  K— a  (all  manganese 
acceptors  are  ionized);  150  K — b  (a  part  of  manganese 
acceptors  are  ionized,  the  others  are  not)  and  120  K — c. 

for  the  heavy  doped  sample,  T\  continues  to  decrease, 
while  for  the  low  doped  sample  the  value  of  T\  is 
increases  as  71-83.  For  the  last  sample  at  temperatures 
less  than  140  K,  we  have  Ti~T~h36.  For  temperatures 
less  than  120K  we  have  observed  the  resonance 
frequency  shift  up  to  1  G  at  100  K  which  indicates  the 
change  of  the  relaxation  mechanism  [5]. 


4.  Discussion 

In  contrast  to  the  Mn  impurity  center  in  GaAs  [6]  for 
the  similar  center  in  InP  we  see  quite  significant  Stocks 
shift.  This  clearly  shows  the  non-central  character  of 
neutral  Mn  state  (d4  or  d5  +  hole;  the  profile  of  Mn 
potential  is  shown  by  solid  line  in  the  central  part  of 
Fig.  4).  We  can  explain  the  transport  effects  by  the 
model  which  is  illustrated  in  Fig.  4.  At  room  tempera¬ 
ture,  all  manganese  centers  are  ionized  (Fig.  4a)  and 
there  is  no  possibility  for  electron  tunneling  between 
them.  With  the  temperature  decrease  up  to  ~150K 
(Fig.  4b)  one  part  of  the  Mn  centers  is  ionized  owing  to 
the  presence  of  the  non-controlled  shallow  donors;  the 
other  part  of  the  Mn  centers  is  not  ionized  (strongly 
compensated  samples  have  approximately  equal 


amounts  of  different  Mn  states;  the  compensation  ratio 
a  =  Nd/Na  is  about  0.5).  At  this  temperature  (150K), 
after  the  electron  tunneling  into  non-central  quantum 
well  the  d4  Mn  center  relaxes  into  the  state  having  the 
energy  minimum  produced  by  the  d5  state.  The  lattice 
relaxation  is  fast  enough  for  the  tunneling  through  the 
relaxed  states  produced  under  a  strong  phonon  interac¬ 
tion.  The  further  temperature  decrease  up  to  100K 
(Fig.  4c)  leads  to  slowing  down  the  processes  of 
relaxation  (Fig.  3)  which  in  turn  causes  the  electron 
tunneling  between  the  non-relaxed  Mn  centers.  The 
possibility  exists  whether  the  minimum  of  6S  (d5)  state 
(dashed  lines  in  Fig.  4)  is  above  or  coincides  with  the 
local  maximum  of  d4  state.  The  effect  might  be 
observed  in  GaAs :  Mn  having  lower  Mn  concentration 
(1015-1016/cm3)  and  the  compensation  ratio  of  about  0.5. 

The  conductivity  at  low  temperatures  (below  120K), 
as  a  whole,  exhibits  an  electron  transport  over  the  partly 
filled  impurity  subband.  The  electron  mobility  in  the 
subband  depends  on  the  compensation  ratio  a  (Nd/Na). 
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Abstract 

The  effects  of  mid-infrared  (MIR)  radiation  on  the  photoluminescence  (PL)  of  Yb3 1  in  p-type  InP  have  been 
investigated  in  the  wavelength  range  of  7-17  pm.  It  has  been  found  that  effective  quenching  of  the  luminescence 
intensity  can  be  observed  during  the  4ps  length  of  the  MIR  pulse.  The  effect  is  explained  by  an  Auger  process  of  energy- 
transfer  between  the  Yb  excited  state  and  free  holes  that  are  ionized  from  the  acceptors  in  the  host.  From  the 
dependence  of  the  luminescence  quench  amplitude  on  the  MIR  wavelength,  the  acceptor  is  identified  as  Zn,  which  is  the 
residual  acceptor  in  the  investigated  sample,  (fy  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  78.55.Cr;  32.80.Hd:  71.20.Eh 
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1.  Introduction 

Rare-earth  (RE)  doped  semiconductors  show  sharp 
and  temperature-stable  luminescence  due  to  the  RE 
intra-4f-shell  transitions.  These  properties  are  attractive 
for  fabricating  light-emitting  devices  that  are  insensitive 
to  the  host  environment.  However,  the  luminescence 
efficiency  rapidly  decreases  at  elevated  temperatures,  the 
effect  known  as  thermal  quenching.  A  good  under¬ 
standing  of  the  luminescence  mechanisms  and  the 
excitation  pathways  of  the  RE  ions  in  semiconductor 
hosts  is  necessary  to  overcome  this  problem. 

The  Yb-doped  InP  has  been  widely  used  to  investigate 
the  excitation  and  de-excitation  processes  of  the  REs  in 
semiconductors,  because  the  Yb  ions  in  the  InP  form  a 
single  kind  of  luminescence  center  and  have  only  one 
excited  state.  It  is  believed  that  the  Yb  ion  gives  rise  to 
an  acceptor-like  electron  (AE)  trap  at  30meV  below  the 
conduction  band  [1],  The  recombination  energy  of  an 
electron  localized  at  the  AE  trap  with  a  free  hole  can  be 
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transferred  to  the  4f-shell  of  ytterbium,  which  excites  the 
ion  from  the  2F7  2  to  the  2FS  2  state. 

The  majority  of  information  currently  available  on 
the  excitation  and  de-excitation  mechanisms  of  the  REs 
in  semiconductors  is  based  on  results  obtained  from 
temperature  quenching  of  photoluminescence  (PL) 
intensity  and  the  decay  characteristics  of  the  excited 
state.  However,  processes  governed  by  larger  activation 
energies  can  only  be  observed  at  higher  temperatures 
and,  therefore,  lower  PL  intensity.  Two-beam  experi¬ 
ments,  with  an  intense  mid-infrared  (MIR)  beam 
operating  parallel  to  an  above-band-gap  photoexcita¬ 
tion,  can  be  used  to  avoid  this  problem  and  study 
selectively  energy  transfer  processes  at  low  temperature, 
where  the  PL  intensity  is  still  high  [2]. 


2.  Experiment 

The  experiments  were  performed  at  the  free-electron- 
laser  (FEL)  users  facility  in  Nieuwegein,  the  Nether¬ 
lands.  The  samples  under  investigation  were  grown  by 
liquid  phase  epitaxy  (LPE).  The  InP:Yb  layer  was 
grown  in  a  graphite  sliding-boat  system  by  a  super¬ 
cooling  process  at  high  growth  temperatures  of  up  to 


0921  -4526/01  ,,  S  -  see  front  matter  r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S092  1  -4526(01)00946-2 


M.A.J.  Klik  et  al  /  Physica  B  308-310  (2001)  884-887 


885 


800°C  [3].  The  Yb-concentration  in  the  In  growth  melt 
was  0.2  percent  mole  fraction.  The  crystal  exhibited 
p-type  conductivity  with  a  carrier  concentration  of 
p  =  l  x  1016cm“3  at  300  K,  with  Zn  being  the  residual 
acceptor.  The  samples  were  mounted  inside  an  Oxford 
Instruments  flow-cryostat  and  cooled  down  to  4.2  K. 
For  band-to-band  excitation,  the  samples  were  illumi¬ 
nated  with  the  second  harmonic  (532  nm)  of  a  Nd :  YAG 
laser  with  a  repetition  rate  of  5  Hz  and  a  pulse  length  of 
lOOps.  A  MIR  ‘macropulse’  from  the  FEL  provided  the 
secondary  excitation  of  a  4-6  ps  length  and  an  (adjus¬ 
table)  wavelength  of  7-1 7  pm.  The  time  delay  between 
the  Nd :  YAG  and  the  MIR  pulses  can  be  varied  from 
-90  to  +  90  ms.  A  7  pm  cut-off  filter  was  placed  in  the 
MIR  beam  to  avoid  penetration  of  shorter  wavelengths 
from  higher  harmonics  in  the  FEL.  Both  beams 
illuminated  an  area  circular  in  shape  and  with  a 
diameter  of  ~5mm.  The  emerging  PL  was  gathered 
using  a  single  grating  monochromator  and  a  near- 
infrared  photomultiplier  tube  with  a  flat  response  from 
300  to  1600  nm. 


3.  Results  and  discussion 

Time-resolved  measurements  of  the  intra-4f-shell  PL 
of  Yb  have  been  performed  for  various  delay  times  At 
between  the  Nd :  YAG  pulse  and  the  onset  of  the  FEL 
pulse.  Both  enhancement  and  quenching  of  the  PL 
signal  could  be  observed,  depending  on  At  being  positive 
(FEL  before  YAG)  or  negative. 

3.1.  Quench  of  luminescence 

Fig.  1  shows  the  effect  of  the  FEL  pulse  (depicted  for 
reference  at  the  lower  part  of  the  image)  on  the  Yb3  + 
luminescence  signal  for  a  delay  time  of  At  —  —1,  2  and 


Fig.  1.  The  quenching  of  the  Yb3+  PL  observed  under 
Nd:YAG  excitation  for  three  different  delay  times  of  the 
MIR  pulse.  The  relative  position  at  t  —  0  is  indicated  in  the 
inset. 


4  ps.  It  can  be  seen  that  quenching  of  the  PL  only  occurs 
during  the  FEL  pulse.  This  observation  excludes 
thermal  heating  of  the  crystal  lattice,  which  has  a 
relaxation  time  of  milliseconds,  as  a  possible  explanation 
for  this  intensity  quenching  effect.  The  ratio  of  the  PL 
intensity  observed  with  and  without  the  FEL  pulse, 
hereafter  called  the  ‘quenching  ratio’,  is  constant  for  all 
positive  delay  times  for  a  given  photon  flux  and  a  fixed 
wavelength  of  the  MIR  pulse.  From  this,  we  conclude 
that  the  quenching  amplitude  is  proportional  to  the 
number  of  excited  Yb3+  ions.  The  possible  mechanisms 
that  can  explain  this  dependence  are  an  optically 
induced  back-transfer  [4]  effect  and  an  Auger  process, 
involving  energy  transfer  from  the  excited  Yb3  +  ions  to 
free  or  bound  carriers.  However,  a  back-transfer 
mechanism  should  not  show  saturation  with  the  FEL 
photon-flux,  as  observed  in  our  experiments.  A  localized 
Auger  effect  has  been  proposed  as  a  PL  quenching 
mechanism  for  the  n-type  InP:  Yb  as  follows  [5].  After 
excitation  of  the  4f-shell  of  Yb3+  by  the  recombination 
of  the  electron-hole  pair,  the  AE  trap  becomes  empty. 
These  empty  traps  can  again  capture  electrons  from 
distant  shallow  donors.  The  energy  of  the  excited 
4f-shell  can  now  be  used  to  bring  this  electron  to  the 
conduction  band  in  a  localized  Auger  process,  de¬ 
exciting  the  Yb3+  ion.  This  mechanism  was  used  to 
explain  the  initial  fast  non-exponential  decay  observed 
in  the  InP:Yb  intra-4f-shell  luminescence  in  samples 
with  high  shallow  donor  concentrations  [6].  For  p-type 
materials,  a  similar  model  was  proposed  to  explain  the 
temperature  quenching  which  involves  holes  captured  at 
the  acceptors  receiving  the  relaxation  energy  of  the  4f- 
shell.  Similar  to  thermal  ionization,  the  holes  on  these 
acceptors  in  the  InP  host  can  also  be  ionized  by  the  MIR 
radiation.  Therefore,  the  concentration  of  the  bound 
holes  will  decrease  with  increasing  FEL  photon-flux. 
Taking  into  account  our  observation  of  an  increase  of 
PL  quenching  with  increasing  FEL  photon-flux,  it  is 
more  probable  that  a  free-hole  Auger  process  is 
responsible  for  the  observed  effect.  It  is  reasonable  to 
assume  that  a  steady  free-hole  concentration  exists 
during  the  FEL  pulse,  even  at  low  temperatures.  This 
concentration  p  will  depend  on  the  photon  flux  of  the 
MIR  pulse,  the  ionization  cross-section  of  the  shallow 
acceptor  centers  for  a  particular  FEL  wavelength  and 
the  shallow  acceptor  concentration  in  the  sample.  The 
intensity  of  the  Yb3+  intra-4f-shell  luminescence  during 
the  Auger  quenching  process  can  be  described  by 

Y*(t)  =  Y(t\)  exp  1  +  CA  p)  (j 
for  t\  <t<t2 , 

where  t\  and  t2  denote  the  time  during  which  the  FEL  is 
on,  Y(t\)  is  the  luminescence  intensity  at  time  1 1,  t  is 
the  effective  lifetime  of  the  Yb3+  excited  state  and  C\ 
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the  Auger  coefficient  describing  the  energy  transfer  to 
the  ionized  holes  p.  Calculating  the  ratio  between  the 
integrated  4f-shell  luminescence  for  a  luminescent 
transient  with  and  without  the  FEL,  we  find 

,  r*(o 

n~K(0"=  -CA p(*2  ~  *\)  for />/2. 

The  dependence  of  the  quenching  on  the  MIR  photon- 
flux  is  depicted  in  Fig.  2.  For  two  different  wavelength 
settings  of  the  FEL,  the  dependencies  can  be  fitted  with 
an  exponentially  decaying  curve  with  an  offset  of  0.29, 
meaning  that  the  quenching  saturates  when  71  percent 
of  the  signal  has  disappeared.  Following  the  assumed 
mechanism,  this  saturation  appears  as  a  result  of  the 
exhaustion  of  holes  bound  to  the  acceptors.  As  can  be 
seen  from  the  picture,  the  photon-flux  dependence 
of  the  quenching  effect  can  be  described  with  a  single 
exponentially  decaying  curve  for  a  low'  photon  flux. 
Therefore,  we  can  calculate  the  expected  dependence  of 
the  quenching  ratio  Q{t)  =  Y*(t)/Y(t)  on  the  FEL 
wavelength: 

QO)  =  exp(~CAF(;.)AA<7(/)TH(/2  -  /]))  for  t  >  /2, 

with  P(/.)  the  photon  flux  of  the  FEL  at  wavelength  2, 
<t(a)  the  ionization  cross-section  of  the  acceptor  as  a 
function  of  the  FEL  wavelength,  NA  the  number  of 
acceptors  and  rM  the  effective  lifetime  of  a  hole.  Fig.  3a 
shows  this  dependence  for  a  value  <r(/)  that  is  taken  to 
be  constant  over  the  wavelength  range  of  the  scan 
(black)  and  the  measured  dependence  (gray).  The  value 
of  <j(2)  can  now  be  calculated  as  follows: 

a(/.)  - - _ 

CAP(/.)NAa(/.)TU(t2  -  (\) 

This  is  shown  in  Fig.  3b.  with  the  curve  normalized 
to  the  value  at  /hil  =  1 1  pm:  we  conclude  a  clear 


Fig.  2.  The  quenching  ratio  as  a  function  of  the  MIR  pulse 
photon  flux  for  two  different  MIR  wavelengths.  The  depen¬ 
dence  of  the  photon  flux  of  the  MIR  pulse  on  the  wavelength  is 
depicted  in  the  inset. 


Fig.  3.  (a)  Calculated  (black)  and  measured  (gray)  wavelength 
dependence  of  the  quenching  effect  as  a  function  of  the  MIR 
wavelength,  (b)  Ionization  cross-section  of  the  shallow  accep¬ 
tors  as  a  function  of  the  MIR  wavelength.  The  data  can  be 
fitted  with  a  curve  corresponding  to  a  trap  characterized  by  a 
Coulomb  potential  and  ionization  energy  of  70mcV. 


dependence  on  the  FEL  wavelength,  which  has  a 
maximum  corresponding  to  an  optical  quantum  energy 
of  ~  lOOmeV. 

It  has  been  shown  that  the  photoionization  cross- 
section  of  a  trap  can  be  described  as  [7] 


m 


(hv  ~  Ed) 
(hvf- 


3/2 


with  m  a  constant  and  hv  and  ED  the  energy  of  the 
ionizing  beam  and  the  trap  ionization  energy,  respec¬ 
tively.  The  parameter  y  depends  on  the  form  of  the 
binding  potential,  and  has  a  value  between  0  (5-like 
potential)  and  1  (Coulomb  potential).  As  illustrated  in 
the  figure,  experimental  data  are  best  fitted  to  the 
ionization  of  a  trap  characterized  by  a  Coulomb 
potential  and  (optical)  ionization  energy  of  E 
70meV.  This  value  is  in  good  agreement  with  the  posi¬ 
tion  of  the  Zn  acceptor  as  determined  from  the  donor- 
acceptor/free-to-bound  recombination  observed  in  the 
same  sample  at  902  nm.  It  is  therefore  highly  likely  that 
in  the  present  experiment,  the  MIR  induced  ionization 
of  the  Zn  acceptor  is  observed. 

For  the  regime  where  the  quenching  is  saturated  to  71 
percent,  we  can  estimate  the  hole  concentration  to  be 
equal  to  that  at  room  temperature.  From  the  sample 
parameters  of  2  x  10J)cnT  3  for  the  Yb  concentration 
and  7  x  10l6cm  7  for  the  free-hole  concentration,  we 
calculate  an  Auger  coefficient  value  for  the  energy 
transfer  to  free  holes  of  CAx 3  x  10  12  cm  ' 3  s  ' 


3.2.  Enhancement  of  luminescence 


A  considerable  enhancement  of  the  Yb3  J  PL  was 
found  when  applying  the  FEL  before  the  band-to-band 
excitation  with  the  Nd:YAG  laser.  The  enhancement 
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effect  was  present  for  delay  times  up  to  -15  ms,  which 
suggest  a  process  with  a  long  relaxation  time.  This  could 
be  due  to  the  lattice  heating  and  will  not  be  discussed 
here. 

A  more  complete  treatise  of  the  enhancement  effect 
will  be  published  elsewhere  [8]. 

4.  Conclusion 

Two  effects  of  the  MIR  radiation  on  the  intra-4f-shell 
luminescence  of  the  Yb  in  p-type  InP  have  been 
investigated.  It  was  found  that  an  intense  pulse  of  a 
FEL  with  a  photon  energy  corresponding  to  70- 
170  meV  applied  before  the  above-band  excitation 
induced  an  enhancement  of  the  intra-4f-shell  PL 
intensity,  most  probably  due  to  heating  of  the  crystal 
matrix.  Applying  the  FEL  after  the  above-band  excita¬ 
tion  was  found  to  quench  the  PL  luminescence  up  to  70 


percent.  The  observations  were  explained  as  a  free-hole 
Auger  process,  for  which  we  calculated  an  Auger 
coefficient  of  3  x  10~12cnT3s_1.  The  dependence  of 
the  quenching  effect  amplitude  on  the  FEL  wavelength 
suggests  that  the  FEL  induced  ionization  of  the 
dominant  acceptor  Zn  provides  free  holes  participating 
in  the  Auger  energy  transfer. 
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Abstract 

Acceptor  atoms  are  experimentally  observed  to  accumulate  in  the  low  bandgap  layers  of  I1I-V  heterostructures  while 
being  depleted  from  the  high  bandgap  layers.  Such  acceptor  segregation  can  be  explained  by  considering  the  space 
charge  neutrality  condition  in  conjunction  with  hole  segregation  across  the  heterointerface.  This  approach  reveals  that 
the  acceptor  concentration  ratio  varies  exponentially  with  valence  band  offset  across  the  heterointerface,  and  further 
demonstrates  that  such  acceptor  segregation  is  suppressed  by  counterdoping  the  high  bandgap  layer  with  donor  atoms. 
The  same  model  can  be  used  to  explain  enhanced  acceptor  solubility  and  suppressed  acceptor  diffusion  in  uniform 
composition  samples  that  are  counterdoped  with  donors.  In  each  of  these  cases,  the  dopant  concentrations  (and  hence 
dopant  diffusion)  are  determined  by  the  thermal  equilibrium  requirement  that  the  Fermi  energy  be  spatially  invariant. 
€•  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction  and  experiment 

Although  III-V  semiconductors  offer  extensive  design 
flexibility  compared  to  Si  based  devices,  the  benefits  of 
III-V  devices  are  often  compromised  by  the  rapid 
diffusion  of  p-type  dopants,  which  makes  p-n  junction 
placement  difficult  to  control.  The  present  understand¬ 
ing  of  this  rapid  acceptor  diffusion  is  based  upon  the 
charge  states  of  the  interstitial  and  substitutional 
acceptor  atoms,  and  upon  the  native  defects  (group  III 
self  interstitials.  Ill-’,  or  group  III  vacancies.  Illy)  and 
free  holes,  fr  ,  that  mediate  the  exchange  of  acceptor 
atoms  between  interstitial  and  substitutional  sites  [1]. 

Aj -t-IIIy  As +2  h~,  (1) 

A;  +IIl[’+A~+2ir.  (2) 

Since  the  diffusion  rate  of  the  interstitial  group  II  atom, 
A/' ,  is  assumed  to  far  exceed  that  of  the  substitutional 
group  II  atom.  As ,  acceptor  diffusion  is  thought  to 
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occur  through  the  conversion  of  group  II  atoms  from 
substitutional  sites  to  interstitial  sites.  Given  the 
assumption  that  acceptors  diffuse  as  interstitial  atoms, 
Eqs.  (1)  and  (2)  demonstrate  the  dependence  of  acceptor 
diffusion  on  the  hole  (acceptor)  concentration.  In  fact,  it 
can  be  shown  from  Eqs.  (I)  and  (2)  that  the  acceptor 
diffusion  coefficient  varies  as  the  square  of  the  acceptor 
concentration.  In  contrast  to  this  rapid  acceptor 
diffusion,  donors  are  thought  to  diffuse  by  a  different 
mechanism  in  III-V  semiconductors,  resulting  in  a  linear 
dependence  of  donor  diffusion  coefficient  on  donor 
concentration  [2]. 

While  the  above  discussion  explains  rapid  acceptor 
diffusion  in  III-V  semiconductors,  a  variety  of  related, 
yet  less  understood  phenomena  have  been  reported  in 
the  literature.  These  observations  include  acceptor 
segregation  in  III-V  heterostructures,  where  acceptors 
diffuse  from  regions  of  low  concentration  into  regions  of 
high  concentration  [2-6],  as  well  as  reduced  acceptor 
diffusion  and  enhanced  acceptor  incorporation  in  the 
presence  of  donor  species  [4,7-9].  While  the  effect  of 
such  donor  species  on  acceptor  diffusion  in  III-V 
semiconductors  is  clear  due  to  its  impact  on  the  hole 
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concentration,  its  impact  on  acceptor  incorporation  is 
more  subtle.  We  believe  that  this  effect  is  fundamentally 
related  to  acceptor  segregation,  however,  and  it  is  our 
intent  to  demonstrate  this  connection  in  this  paper. 

To  investigate  these  effects,  six  double  heterostructure 
(A1A-Ga!  _  v)0.5ln0.5P  samples  were  fabricated  as  described 
elsewhere  [6].  These  samples  consisted  of  an  n-type 
Alo.5Ino.5P  lower  confining  layer,  an  (Al.vGai_.Y)0.5lno.5P 
active  layer  (AL),  and  a  p-type  (Al^GajJo.sIno.sP 
upper  confining  layer  (CL)  all  grown  lattice  matched 
on  GaAs.  Two  different  AL  compositions  (7%  and 
28%  Al)  and  three  different  CL  compositions  (40%, 
60%,  and  100%  Al)  were  used  in  this  sample  set. 
(AlyGaj  _  Y)0  5Ino.5P  is  an  ideal  choice  for  such  acceptor 
segregation  studies  since  it  is  lattice  matched  to  GaAs, 
and  has  a  valence  band  energy  that  varies  linearly  with 
Al  composition,  x. 

Ey(x)  =  £V(0)— 0.241x.  (3) 

2.  Results 

Various  acceptor  species,  including  Mg,  Zn,  Be,  and 
Mn  have  previously  been  shown  to  segregate  across  a 
heterointerface  in  (Al^Gaj.^o.sIno.sP/CraAs  samples, 
similar  to  that  shown  in  Fig.  1  for  the  six  AlGalnP 
samples  described  above  [2,6].  Note  that  the  extent  of 
this  Mg  segregation  increases  with  increasing  change  in 
Al  composition,  dx,  across  the  AL/CL  interface.  This 
Mg  segregation  can  be  understood  by  considering  the 
segregation  of  free  holes  in  such  hetero structures.  In  a 
uniform  composition,  non-degenerate  semiconductor, 
the  free  hole  concentration  is  given  by 

p  =  Nv  exp[-(£F — E\)/kT\.  (4) 


Depth  (um) 


Fig.  1.  Mg  segregation  in  six  (AlA-Gai_v)o.sIno.sP  heterostruc¬ 
tures  with  various  compositional  offsets,  dx  =  xcl — xal, 
across  the  AL/CL  heterointerface. 


These  holes  will  segregate  across  a  heterointerface, 
however,  and  accumulate  in  the  layer  of  lowest  hole 
energy.  Using  the  thermal  equilibrium  requirement  that 
Efal  =  £fcl,  it  is  straightforward  to  show  that  the  hole 
concentration  ratio  between  layers  AL  and  CL  is  given 
by 

Pal/pcl  =  KalKcl)372  exp(A  Ev/kT),  (5) 

where  m*AL  and  ra*CL  are  the  hole  effective  masses  in 
the  AL  and  CL,  respectively,  and  A  Em  =  £Val_£vcl- 
From  the  space  charge  neutrality  condition,  p  + 
n-\-  N^,  it  is  apparent  that  the  spatial  separation  of 
the  positively  charged  holes  and  negatively  charged 
acceptors  will  give  rise  to  an  electric  field  across  the 
heterointerface,  and  given  sufficient  thermal  energy  for 
the  acceptors  to  diffuse,  the  acceptors  should  achieve  a 
similar  segregation  ratio.  In  fact,  for  a  p-type  semi¬ 
conductor  where  p>n,  the  space  charge  neutrality 
condition  reduces  to  p  =  NA  -N£,  which  implies  that 

NA~Np=  Nv  exp[—(Ey—Ey)/kT].  (6) 

Under  the  additional  condition  that  the  ratio 

of  Eq.  (6)  for  layers  AL  and  CL  gives 

Naal/NIcl  =  (mh  AL/mh  CL)3/2exp(A£V  /kT).  (7) 

For  the  case  in  Fig.  1,  where  both  the  AL  and  CL 
are  p-type,  and  the  acceptor  concentration 

ratio  at  the  AL/CL  interface  should  obey  Eq.  (7). 
Using  the  compositional  dependence  of  m*  for 
(Al.-vGa^Jo.sIno.sP,  the  results  of  Eq.  (7)  and  Fig.  1 
are  compared  in  Fig.  2. 

mj(x)  =  (0.62  +  0.05x)mo.  (8) 

This  comparison  in  Fig.  2  reveals  close  agreement 
between  experiment  and  theory,  thus  indicating  that 
Eq.  (7)  accurately  describes  the  acceptor  segregation 
that  has  been  reported  in  the  literature  by  numerous 
authors  [2-6],  This  acceptor  segregation  can  be 
suppressed,  however,  if  the  p-type  CL  is  counterdoped 
with  a  donor  species,  as  in  Fig.  3.  Such  reduced  acceptor 


Fig.  2.  Comparison  of  the  Mg  segregation  ratio  from  Eq.  (7) 
and  from  Fig.  1. 
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Fig.  3.  Counterdoping  the  p-type  CL  with  a  donor  species 
(O  or  S)  reduces  acceptor  segregation. 


segregation  in  the  presence  of  compensating  donor 
species  is  similar  to  previous  reports  of  reduced  acceptor 
diffusion  and  increased  acceptor  incorporation  in  III— V 
semiconductors  that  are  simultaneously  doped  with  both 
a  donor  species  and  an  acceptor  species.  The  key  to 
understanding  these  three  effects  (enhanced  acceptor 
incorporation,  reduced  acceptor  diffusion,  and  reduced 
acceptor  segregation)  is  apparent  from  Eqs.  (6)  and  (7), 
in  conjunction  with  the  acceptor  solubility  equation, 

[As  1  =  Co  exp[(£j.  —  E\)/kT],  (9) 

where  E\  is  the  ionized  acceptor  energy  level  and  C0  is 
the  acceptor  solubility  when  Ey  =  EA  [10].  For  example, 
counterdoping  a  p-type  semiconductor  with  donors 
tends  to  increase  Ey—E\  in  Eq.  (9),  which  increases 
the  solubility  of  the  substitutional  acceptor,  [Ag],  and 
hence  increases  acceptor  incorporation.  This  increase 
in  the  solubility  of  the  substitutional  acceptors  will 
decrease  the  conversion  of  group  II  atoms  from 
substitutional  sites  to  interstitial  sites,  however,  thus 
reducing  acceptor  diffusion.  For  the  case  in  Fig.  3,  where 
the  CL  is  doped  with  both  donors  and  acceptors,  while 
the  AL  is  doped  only  with  acceptors,  the  donors  will 
reduce  acceptor  segregation  since  they  will  not  diffuse 
during  thermal  processing.  This  effect  can  be  quantified 
by  revisiting  Eq.  (7),  where  NAAI/NACl  must  now  be 
replaced  by  NAAL/(N~ -Np)n  .  While  the  theoretical 
basis  for  this  technique  is  therefore  quite  simple, 
counterdoping  is  useful  in  helping  to  control  both 
acceptor  segregation  and  p~n  junction  location.  A 
heterointerface  is  not  necessary  for  this  discussion  to 
apply,  however,  as  can  be  seen  by  setting  A E\  —  0 
and  /«JAL  —  w*CL,  in  Eq.  (7).  Thus,  one  obtains 
NAAL=  (Na  ”Ny(1.  In  thermal  equilibrium,  space 
charge  neutrality  thus  requires  that  a  sudden  increase 


in  donor  concentration  must  result  in  a  sudden  increase 
in  acceptor  concentration,  i.e.,  enhanced  acceptor 
incorporation.  Hence,  the  equilibrium  requirement  of 
spatially  invariant  Ey  explains  reduced  acceptor  diffu¬ 
sion  and  enhanced  acceptor  incorporation  in  both 
uniform  composition  and  heterostructure  III— V  semi¬ 
conductors  that  are  counterdoped  with  donors.  The 
same  effect  of  enhanced  acceptor  incorporation  and 
suppressed  acceptor  diffusion  can  thus  be  achieved 
either  by  using  spatially  varying  composition,  or 
spatially  varying  doping  compensation. 


3.  Conclusions 

Acceptor  segregation  in  semiconductor  heterostmc- 
tures  was  shown  to  depend  exponentially  on  the  valence 
band  offset  at  the  heterointerface,  as  explained  by  the 
space  charge  neutrality  condition  in  conjunction  with 
hole  segregation  across  the  heterointerface.  This  model 
also  explains  reduced  acceptor  diffusion,  reduced 
acceptor  segregation,  and  enhanced  acceptor  incorpora¬ 
tion  in  the  presence  of  compensating  donor  species. 
Thus,  donor  counterdoping  is  a  useful  technique  to  help 
control  p-n  junction  location  in  both  uniform  composi¬ 
tion  and  heterostructure  III— V  devices. 
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Abstract 

Er,0-codoped  GaAs/GalnP  double  heterostructures  (DHS:Er,0)  were  grown  by  organometallic  vapor  phase 
epitaxy  and  the  intra-4f  shell  transitions  of  Er  ions  were  investigated  by  photoluminescence  (PL)  measurements.  Er,0- 
codoping  was  carried  out  with  trisdipivaloylmethanatoerbium  (Er(DPM)3)  as  an  Er  source  and  an  addition  of  02 
diluted  with  Ar  to  a  reactor.  Er,0-codoped  GaAs  (GaAs:Er,0)  and  GalnP  layers  were  all  grown  at  550°C.  In-depth 
profiles  showed  a  uniform  distribution  of  Er  and  O  along  the  growth  direction  in  the  GaAs :  Er,0  active  layer.  The  Er 
concentration  in  the  GaAs:Er,0  active  layer  was  evaluated  to  be  about  5  x  1017cm“3.  In  4.2  K  PL  measurements, 
DHS:Er,0  sample  exhibited  Er-20  lines  and  the  intensity  was  approximately  three  times  stronger  than  that  of 
GaAs:Er,0  sample.  This  suggests  that  photoexcited  carriers  confined  in  the  GaAs:Er,0  active  layer  contribute 
effectively  to  excitation  of  Er.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Erbium;  Oxygen;  Double  heterostructures;  Organometallic  vapor  phase  epitaxy 


1.  Introduction 

Recently,  there  has  been  a  wide  scientific  and 
technological  interest  in  semiconductors  doped  with 
rare-earth  (RE)  impurities.  RE  isoelectronic  impurity 
incorporated  into  semiconductors  shows  sharp  and 
temperature-stable  intra-4f-shell  luminescence.  This 
stability  occurs  because  the  filled  outer  5s  and  5p 
electron  shells  screen  transitions  within  the  inner  4f 
electron  shell  from  interaction  with  the  host.  These 
properties  are  attractive  for  fabricating  optical  devices 
such  as  semiconductor  lasers  and  optical  amplifiers. 

Special  attention  has  been  paid  to  Er  ions  in  III-V 
semiconductors.  Er  doping  in  III-V  semiconductors 
produces  sharp  luminescence  at  around  1.54  pm  due  to 
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intra-4f-shell  transition  from  the  first  excited  state 
(4I13/2)  to  the  ground  state  (41 1 5 72)  of  Er  ions.  The  emis¬ 
sion  is  coincident  with  the  minimum  loss  wavelength 
region  of  silica-based  fibers.  However,  it  has  been  found 
that  Er  ions  doped  in  semiconductors  show  various 
fine  structures,  depending  on  doping  conditions.  This 
indicates  that  various  kinds  of  Er  centers  with  different 
atom  configurations  are  formed  simultaneously  in  a 
semiconductor  because  the  fine  structures  of  photolu¬ 
minescence  (PL)  spectra  reflect  atomic  configurations 
around  Er  ions.  Selective  formation  of  highly  efficient  Er 
centers  for  luminescence  has  been  strongly  desired  for 
applications  of  Er-related  luminescence  to  light-emitting 
devices. 

Oxygen  (O)  has  been  found  to  play  an  important  role 
in  the  production  of  efficient  Er-related  luminescent 
centers  in  GaAs.  Er,0-codoped  GaAs  (GaAs:Er,0) 
produces  a  strong  emission  intensity  and  simple  PL 
spectrum  predominantly  from  one  kind  of  Er  center  [1]. 
The  Er  center  has  been  identified  as  an  Er  atom  located 
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at  the  Ga  sublattice  with  tw'o  adjacent  O  atoms  (Er-20 
center)  [2].  The  dependence  of  the  PL  spectra  on  growth 
temperature  revealed  the  existence  of  a  threshold  growth 
temperature  between  560"C  and  580  C  for  Er  incor¬ 
poration  into  GaAs  [3]. 

For  optical  device  applications,  Er  should  be  intro¬ 
duced  in  confinement  structures  such  as  double  hetero¬ 
structures  (DHS).  In  these  structures,  a  GaAs:Er,0 
layer  should  be  sandwiched  between  layers  of  a  different 
semiconductor.  The  growth  of  Ga0.5|In0  49P  (hereafter 
GalnP)  is  very  attractive  as  an  aluminum-free  alter¬ 
native  to  the  conventional  Al  vGaj  vAs-based  materials. 
The  aluminum-free  GaAs/GalnP  material  system  has 
advantages  over  the  GaAs/Al .vGa,  vAs  material  system, 
such  as  the  low  reactivity  of  GalnP  to  O. 

In  this  paper,  we  report  the  results  on  fabrica¬ 
tion  of  GaAs :  Er,0/GaInP  double  heterostructures 
(DHS:  Er.O)  growm  by  organometallic  vapor  phase 
epitaxy  (OMVPE)  and  its  luminescence  properties. 

2.  Experimental 

GaAs:  Er.O  and  DHS:Er,0  samples  used  in  this 
study  were  fabricated  by  a  low-pressure  growth  system 
with  a  cold-wall  quartz  4-barrel  reactor  [4].  The  reac¬ 
tor  pressure  was  0.1  atm.  The  substrates  were  semi- 
insulating  and  Si-doped  GaAs  was  oriented  in  the 
(100)  direction.  Triethylgallium  (TEGa),  trimethylindium 
(TMIn),  tertiarybutylarsine  (TBAs)  and  tertiarybutyl- 
phosphine  (TBP)  w'ere  used  as  sources.  Er  doping 
was  carried  out  with  trisdipivaloylmethanatoerbium 
(Er(CiiH|902)3,  Er(DPM)0  as  an  Er  source  which  was 
introduced  into  the  reactor  by  a  H2  flow  through  the  Er 
source  cylinder.  The  rate  of  the  H2  flow'  was  kept  at 
125  seem.  Ar  gas  with  38.4  ppm  of  1X02  was  used  as  an 
additional  02  source  [3].  The  02  content  in  growth 
ambient  w'as  set  at  0.2 ppm. 

Growth  sequence  for  GaAs-GalnP  interface  used  in 
this  work  is  as  follows.  At  the  beginning  of  the  layer 
growth.  group-V  gas  w'as  switched  on  first  for  I  s  and 
then  group-III  gas  w'as  switched  on.  At  the  end  of  layer 
growth,  the  group-III  gas  was  switched  off  and  growth 
was  interrupted  under  the  group-V  gas  to  change  TEGa 
flow  rate  and  substrate  temperature.  In  the  growth  of 
GaAs/GalnP  DHS,  w?e  used  two  growth  sequences 
(sequences  A  and  B).  Variations  of  gas  flow  and  growth 
temperature  for  the  sequences  are  schematically  drawn 
in  Fig.  1.  In  sequence  A,  GalnP  and  GaAs  layers  were 
grow'n  at  580  C  and  540  C.  The  temperatures  were 
optimum  growth  temperatures  for  GalnP  and  Ga¬ 
As:  Er,0,  respectively.  In  sequence  B,  GaAs  and  GalnP 
layers  were  all  grown  at  550'C.  The  crystal  quality  of  the 
DHS  was  characterized  by  PL  measurements  at  77  K 
using  the  DHS  having  200nm-thick  GaAs  without  Er,0- 
codoping  and  200nm-thick  GalnP  cladding  layer. 


1  sec  /  1  sec  j  1  sec 

(a)  5  min  5  min 


Fig.  1.  Variations  of  gas  flow  and  growth  temperature  for  (a) 
sequence  A  and  (b)  sequence  B.  In  sequence  A,  GalnP  and 
GaAs  layers  were  grown  at  580  C  and  540  C.  respectively.  In 
sequence  B.  on  the  other  hand,  these  layers  were  all  erown  at 
550  C. 


The  measurements  were  carried  out  with  a  514.5  nm 
beam  of  Ar-ion  laser  and  an  SI -type  detector  cooled  by 
dry  ice. 

The  structure  and  growth  conditions  of  DHS :  Er.O 
samples  are  as  follows.  All  the  samples  w'ere  initiated 
by  the  growth  of  a  1 50  nm  thick  GaAs  buffer  layer  at 
610  C.  Then,  1  pm-thick  GalnP  cladding  layer.  1  pm- 
thick  GaAs :  Er,0  active  layer  and  0.6  pm-thick  GalnP 
cladding  layer  were  grown  with  sequence  B.  These 
thicknesses  were  evaluated  using  undoped  GaAs/GalnP 
DHS  samples  by  a  scanning  electron  microscope  (SEM). 
As  a  reference  sample,  GaAs :  Er.O  w'as  grown  under 
the  same  doping  conditions  as  the  active  layer  of 
DHS :  Er.O. 

PL  measurements  of  Er-related  luminescence  w'ere 
carried  out  mainly  with  the  samples  directly  immersed  in 
liquid  He  at  4.2  K.  The  photoexcitation  source  was  a 
CW-mode  semiconductor  laser  diode,  operating  at 
660  nm,  with  an  incident  power  of  30  mW.  The  photon 
energy  is  below  the  band-gap  of  the  GalnP  cladding 


A.  Koizumi  et  al.  /  Physica  B  308-310  (2001)  891-894 


893 


layer,  which  enabled  us  to  excite  the  GaAs  active  layer 
directly.  The  luminescence  of  the  sample  was  dispersed 
using  a  0.91m  grating  monochromator  and  detected 
with  a  liquid  nitrogen-cooled  Ge  p-i-n  photodiode  using 
a  chopper  and  a  lock-in  technique. 

For  measurements  of  concentration  profiles  by 
secondary  ion  mass  spectroscopy  (SIMS),  an  0+  ion 
and  a  Cs"  ion  were  used  as  primary  ions  for  Er  and  O, 
respectively. 

3.  Results  and  discussion 

3.1.  PL  characterization  of  undoped  GaAs/GalnP  DHS 

It  is  well  known  that  making  a  high-quality  GalnP- 
GaAs  interface  is  very  difficult  via  OMVPE  growth 
because  of  the  problems  in  As-P  substitution  and 
indium  memory  effects  in  reactor  gas  switching  [5-13]. 
Characteristics  of  GalnP-GaAs  interface  strongly  de¬ 
pend  on  the  growth  sequence  for  the  interface.  Fig.  2(a) 
shows  77  K  PL  spectrum  of  undoped  DHS  grown  with 
sequence  A.  The  spectrum  has  one  peak  at  wavelength 
of  884  nm  with  the  full-width  at  half-maximum 
(FWHM)  of  54  meV.  The  wavelength  of  884  nm  is 
longer  than  those  of  the  near-band-edge  emissions  from 
GaAs.  Several  researchers  have  also  reported  a  similar 
broad  peak  at  wavelengths  between  850  and  930  nm  in 
low-temperature  PL  spectra  of  GaAs/GalnP  hetero¬ 
structures  [10,12]. 

Fig.  2(b)  shows  PL  spectrum  of  a  sample  grown  with 
sequence  B.  The  spectrum  is  dominated  by  a  peak 


WAVELENGTH  (nm) 

Fig.  2.  77  K  PL  spectra  in  undoped  GaAs/GalnP  DHS  grown 
with  (a)  sequence  A  and  (b)  sequence  B.  An  interface- 
related  peak  at  884  nm  disappears  in  the  sample  grown  with 
sequence  B. 


corresponding  to  the  near-band-edge  emission  from 
GaAs.  Also,  a  broad  peak  is  weakly  observed  at  850  nm. 
This  result  suggests  that  photoexcited  carriers  injected  in 
GaAs  active  layer  recombine  effectively  in  GaAs  layer. 
Therefore,  we  can  conclude  that  samples  grown  with 
sequence  B  have  good  quality  of  GaAs— GalnP  interface 
compared  with  sequence  A. 

3.2.  SIMS  profiles  in  DHS :  Er,0  sample 

DHS :  Er,0  samples  were  prepared  with  sequence  B. 
In-depth  profiles  of  Er,  O,  Ga  and  As  for  DHS  :  Er,0  are 
shown  in  Fig.  3.  For  the  DHS:Er,0  sample,  a  distinct 
GaAs/GalnP  DHS  is  seen  in  the  SIMS  profile.  The 
profile  reveals  a  uniform  distribution  of  Er  and  O  along 
the  growth  direction  in  the  GaAs:Er,0  active  layer. 
Furthermore,  in  GalnP  cladding  layers,  Er  concentra¬ 
tion  is  below  the  SIMS  detection  limit  and  O  concentra¬ 
tion  is  at  the  background  level.  Er  concentration  in 
GaAs:Er,0  active  layer,  calibrated  by  using  an  Er- 
implanted  GaAs  sample,  was  evaluated  to  be  about 
5  x  1017cm”3.  This  Er  concentration  was  the  same  as 
GaAs :  Er,0  reference  sample. 


Fig.  3.  In-depth  profiles  of  Er,  O,  Ga  and  As  for  DHS :  Er,0. 
Er  and  O  are  introduced  selectively  in  the  GaAs :  Er,0  active 
layer. 
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Fig.  4.  4.2  K  Er-related  PL  spectra  in  (a)  DHS:Er.O  and  (b) 
GaAs:Er,0.  As  shown  by  arrows,  the  spectrum  is  dominated 
by  the  Er-20  lines,  indicating  that  an  Er  20  center  is 
selectively  formed  in  GaAs :  Er.O  active  layer  of  DHS :  Er.O. 

3.3.  Er-related  luminescence  in  DHS:  Er,0 

In  Fig.  4,  the  4.2  K  41 1 3  2  — ►  41 1 5  2  Er-related  lumi¬ 
nescence  from  DHS :  Er.O  sample  is  compared  with  the 
luminescence  from  the  GaAs:  Er.O  reference  sample. 
The  spectrum  of  DHS :  Er.O  shows  identical  positions  of 
Er-related  PL  lines  as  in  the  GaAs :  Er,0.  Vertical 
arrows  denote  the  Er-20  lines.  This  indicates  that 
Er-20  centers  are  selectively  formed  in  GaAs :  Er.O 
active  layers  of  DHS:Er,0.  The  intensity  of  the  Er- 
related  luminescence  is  approximately  three  times 
stronger  than  that  of  GaAs:  Er.O  sample.  These  results 
suggest  that  carriers  photoexcited  in  the  GaAs :  Er.O 
region  contribute  effectively  to  excitation  of  Er  because 
GalnP  cladding  layers  confine  the  carriers  and  elimi¬ 
nate  the  surface  recombination. 


4.  Conclusion 

We  have  successfully  grown  Er,0-codoped  GaAs/ 
GalnP  double  heterostructures.  In-depth  profiles  of  Er 
and  O  exhibited  a  uniform  distribution  along  the 
growth  direction  in  the  GaAs :  Er,0  active  layer.  The 
Er-related  luminescence  indicated  that  Er-20  centers 


are  selectively  formed  in  GaAs:  Er.O  active  layer.  The 
intensity  of  Er-related  luminescence  was  about  three 
times  higher  than  the  GaAs :  Er,0  sample  grown  under 
the  same  doping  conditions  and  Er  concentration  as  in 
the  GaAs :  Er.O  active  layer  of  DHS  :  Er.O.  These  results 
are  interpreted  easily  by  the  advantage  of  the  DHS: 
confinement  of  photoexcited  carriers  and  elimination  of 
surface  recombination. 
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Abstract 

We  investigated  diffusion  of  Zn  into  GaP  for  P-rich  conditions  between  803 °C  and  1097°C  to  obtain  information 
about  the  diffusion  mechanism  and  the  participating  native  point  defects.  Extremely  diluted  Zn  sources  were  employed 
so  as  to  avoid  the  formation  of  microstructural  defects  during  diffusion.  Penetration  profiles  measured  by  secondary  ion 
mass  spectroscopy  and  electrochemical  capacitance-voltage  profiling  are  in  mutual  accordance.  The  profiles  are  well 
described  within  the  framework  of  interstitial-substitutional  diffusion  yielding  not  only  Zn  diffusion  coefficients  but  also 
transport  coefficients  for  the  Ga-related  native  point  defects  involved.  The  latter  data  are  compared  with  self-diffusion 
data  related  to  the  Ga  sublattice  in  GaP.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  6 1 .72. Ji;  66.30.Dn;  66.30.Hs;  66.30. Jt 

Keywords:  Gallium  phosphide;  Self-interstitials;  Vacancies;  Zinc  diffusion 


1.  Introduction 

For  GaAs  there  has  been  considerable  recent  progress 
in  the  understanding  of  diffusion  processes  [1]  whereas 
diffusion  in  GaP  is  still  poorly  investigated.  The  progress 
for  GaAs  resulted  to  a  large  extent  from  experiments 
with  hybrid  impurities  such  as  Cd  [2]  and  N  [3]  which 
interchange  between  interstitial  and  substitutional  sites 
under  participation  of  native  point  defects.  For  obtain¬ 
ing  quantitative  information  about  the  native-defect 
transport  coefficients  it  proved  to  be  advantageous  when 
the  hybrid  impurity  diffusion  takes  place  under  condi¬ 
tions  virtually  free  of  microstructural  defects  acting  as 
sinks  or  sources  for  vacancies  and  self-interstitials. 

In  the  present  GaP  study,  Zn  was  chosen  as  hybrid 
impurity  interacting  with  the  Ga  sublattice.  Virgin  GaP 
was  exposed  to  Zn  in  diluted  form  so  as  to  avoid 
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extreme  diffusion-induced  deviations  from  point-defect 
equilibria  leading  to  agglomeration  and  precipitation 
processes  [4,5]. 


2.  Experimental 

As  base  material  we  used  <10  0)  -  oriented,  nominally 
undoped  GaP  with  a  negligibly  low  density  of  disloca¬ 
tions  and  other  extended  defects.  Samples  of  typically 
6x6  mm2  were  cut  from  1  mm  thick  wafers  and,  after 
etching  and  cleaning,  enclosed  in  Ar-flushed,  evacuated 
quartz  ampoules  of  about  3.5  cm3  inner  volume. 
Crushed  Zn-diffusion-doped  GaP  was  included  as  diffu¬ 
sion  source  while  elemental  phosphorus  (~3mg)  was 
added  to  establish  a  P4  partial  pressure  close  to  1  atm. 
The  ampoules  were  inserted  into  a  pre-heated  resistance 
furnace,  isothermally  annealed,  and  water  quenched. 

Zn  depth  profiles  were  monitored  by  secondary  ion 
mass  spectroscopy  (SIMS)  in  a  Cameca  ims-6f  instru¬ 
ment  using  Oj  primary  ions  and  the  state-of-the-art 
procedures  characteristic  of  an  in-depth  analysis  mode. 
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Conversion  of  mass  counts  to  Zn  concentration  was 
based  on  calibration  with  a  GaP  :  Zn  implantation 
standard.  The  penetration  depth  scale  was  calibrated 
within  about  5 %  error  by  measuring  the  SIMS  crater 
depth  with  a  surface  profilometer.  In  each  case,  the  Zn- 
induced  hole  distribution  was  analysed  on  a  second  GaP 
sample  originating  from  the  same  diffusion  ampoule 
by  using  a  Biorad  electrochemical  capacitance-voltage 
(ECV)  profiler. 

Depth  profiling  was  accompanied  by  transmission 
electron  microscope  (TEM)  examination  of  a  third, 
identically  treated  sample  in  a  Philips  CM30  instrument 
at  300  kV.  Electron-transparent  sample  cross-sections 
were  prepared  using  mechanical  thinning  followed  by 
ion-beam  thinning,  thus  allowing  for  the  microstructural 
characterisation  of  the  Zn-difTused  regions. 


3.  Results 

The  TEM  investigations  showed  the  Zn-diffused 
samples  to  be  free  of  crystal  defects  like  the  original 
GaP  wafer  material.  This  strongly  supports  the  view 
that  the  diffusion  proceeded  under  virtually  ideal 
conditions  in  which  only  the  sample  surface  acts  as 
source  or  sink  for  point  defects. 

Figs.  1  and  2  show  depth  profiles  arising  from  SIMS 
and  ECV  analysis  after  diffusion  at  1097  C  and  803  C, 
respectively.  It  is  seen  that  the  ECV-resolved  hole 
concentration  closely  follows  the  SIMS-resolved  Zn 
concentration.  Within  error  tolerances  this  is  consistent 
with  the  view  that  every  Zn  atom  accommodated  by  the 
Ga  sublattice  (Zns“)  generates  one  electronic  hole,  and 
moreover,  that  the  concentrations  of  interstitial  Zn,  i.e., 
Zn^,  and  the  native  point  defects  are  negligibly  small 
with  respect  to  the  Zn~  concentration. 


Fig.  1.  SIMS  depth  profile  of  Zn  in  GaP  after  diffusion  at 
1097'C  and  corresponding  hole  distribution  from  ECV 
analysis.  Solid-lines  fits  are  based  on  Eqs.  (1)-  (3). 


depth  (pm) 


Fig.  2.  Similar  to  Fig.  1  but  after  diffusion  at  803  C. 

At  the  highest  temperature  investigated,  i.e.  1097'C, 
the  Zn  profile  reveals  two  distinct  steps  (Fig.  1).  With 
decreasing  temperature  the  near-surface  profile  step 
increases  relative  to  the  great-depth  profile  step,  so  that 
finally  at  803  C,  the  latter  is  hardly  visible  anymore 
(Fig.  2).  The  varying  *kink-and-taif  profile  shape  is 
reproduced  by  an  interstitial-substitutional  (i-s)  diffu¬ 
sion  model  involving  Ga-related  point  defects  as 
documented  by  the  solid  lines  in  Figs.  1  and  2.  The 
same  model  also  describes  Zn  diffusion  into  GaAs  [6]. 


4.  Modeling 

The  simplest  i-s  diffusion  model  which  accounts  for  all 
relevant  features  of  the  measured  profiles  as  well  as  for 
earlier  data  on  Zn  in  GaP  [7,8]  involves  neutral  Ga 
interstitials  (Ij^)  in  addition  to  neutral  and  singly 
positively  charged  Ga  vacancies  (V”ia,  V^),  i.e.. 


Zn4  —  Zn;  +  l"ia  +  2h, 

(I) 

Zn4+ V'^-Zn"  +2h. 

(2) 

h  +  vL-va,. 

(3) 

Electronic  holes  h  participate  in  these  quasi-chemical 
reactions  in  order  to  maintain  local  charge  neutrality- 
under  the  extrinsic  doping  conditions  in  the  Zn-diffused 
region.  Profiles  were  simulated  by  solving  the  partial 
differential  equations  based  on  Eqs.  (l)-(3).  In  the 
actual  simulation,  reaction  (3)  was  replaced  by  Zn*  + 
VJ.(  ^±Zn“  +  3h  being  the  ‘sum’  of  Eqs.  (2)  and  (3), 
i.e.,  for  computational  reasons.  This  does  not  affect 
the  numerical  results,  provided  that  all  reactions  rates 
are  chosen  sufficiently  large  to  virtually  maintain  local 
equilibrium  among  the  point  defects  in  terms  of  the 
mass  action  law.  On  the  other  hand,  equilibrium  and 
starting  concentrations  of  the  native  defects  were  taken 
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low  enough  so  that  they  do  not  explicitly  enter  the 
calculations.  In  this  limiting  case,  the  profiles  are 
exclusively  diffusion  controlled. 

In  fitting  the  Zns  profiles  to  the  SIMS  measurements 
(see  solid  lines  in  Figs.  1  and  2)  we  also  obtained  the 
depth  distributions  of  the  other  species  involved.  This  is 
illustrated  in  Fig.  3  for  the  1097°C  case.  The  vacancy 
annihilation  and  the  self-interstitial  generation  by  the 
Zn;-to-Zns  exchange  leads  to  in-diffusion  of  Voa 
and  out-diffusion  of  Iq.p  respectively.  This  is  also 
evident  from  Fig.  4  displaying  the  self-interstitial  super¬ 
saturation  (S  >  1)  and  the  corresponding  vacancy 
undersaturation  (S<1).  Here  the  local  supersaturation 
parameter  S  =  C(x)  /  Ceq\p(x)\  accounts  for  the  depen¬ 
dence  of  the  point-defect  equilibrium  concentration  Ceq 


Fig.  3.  Point-defect  profiles  associated  with  the  Zns  solid-line 
fit  in  Fig.  1. 


Fig.  4.  Diffusion-induced  super-  or  undersaturation  of  point 
defects  associated  with  the  Zns  solid-line  fit  in  Fig.  1. 


on  the  local  hole  concentration  p(x)  which,  in  turn,  is 
practically  equal  to  the  Zns  concentration  Cs. 

5.  Diffusion  coefficients 

Fig.  5  exhibits  the  Zn-related  diffusivity  resulting 
from  profile  fitting  in  comparison  to  earlier  data  on 
GaP  [4,7,8]  and  to  similar  data  for  GaAs  [9].  Within  the 
i-s  diffusion  model  this  ‘effective’  diffusivity  is  a  complex 
quantity  which  comprises  the  individual  diffusivity  of 
Zn;  and  the  ratio  of  mobile  (Znj)  to  immobile  (Zns) 
atoms  [2,4].  For  the  sake  of  comparability  all  data  have 
been  reduced  to  electronically  intrinsic  conditions 
(p  =  rii)  and  a  standard  P4  partial  pressure  of  1  atm 
[2,4].  Zn  diffusion  in  intrinsic  GaP  is  much  slower  than 
in  p-type  crystals  (Fermi-level  effect)  while  for  the 
present  ‘P-rich’  data  the  normalisation  to  standard 
pressure  only  leads  to  corrections  of  less  than  15%. 
Altogether  a  fair  agreement  among  the  various  GaP  :  Zn 
data  is  observed  in  Fig.  5,  at  least  at  the  higher 
temperatures. 

Fig.  6  compares  the  Ga-defect-related  transport 
coefficients  obtained  in  this  work  with  the  Ga  tracer 
diffusivity  Z)Ja  measured  on  GaP  isotope  heterostruc¬ 
tures  [10].  For  instance,  the  I^-related  data  are  given  by 
the  product  of  the  Iqh  diffusivity  and  the  I^a  equilibrium 
concentration  normalised  to  the  Ga  lattice-site  density 
[2,4].  This  represents  the  l|La  component  of  the  (‘overall’) 
Ga  tracer  diffusivity  (neglecting  minor  geometrical 
correlation  effects).  Fig.  6  reveals  that  the  ^-related 
Ga  diffusivity  is  not  far  from  Z>£a  but  in  any  case 
below  as  it  should  be  for  a  partial  compo¬ 

nent.  In  contrast,  the  Vj^  and  Vja  components  lie 
distinctly  above  This  clearly  violates  the  consis¬ 
tency  among  the  different  sets  of  data,  which  should 


Fig.  5.  Zn  diffusion  coefficient  in  GaP  as  a  function 
of  inverse  temperature.  Solid-line  fit  of  present  data: 
9.5exp(-4.08  eV/k^T)  cm2  s_1. 
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l/T (I0-1  K  ') 


Fig.  6.  Ga  diffusivity  components  of  various  native  point 
defects  in  GaP  deduced  from  Zn  diffusion  profiles  in  com¬ 
parison  with  Ga  tracer  data  Djki  (solid  line). 


be  all  representative  for  intrinsic  GaP  under  P-rich 
conditions. 


6.  Conclusions  and  outlook 

The  present  work  represents  the  first  study  of  Zn 
diffusion  in  GaP  under  well-established  defect-free 
conditions.  A  good  description  of  the  measured  ‘kink- 
and-taiP  profiles  is  obtained  within  an  i-s  diffusion 
model  involving  l£a,  Vj..,,  and  V(]a.  Profile  fitting  yields 
the  Ga  self-diffusion  components  related  to  these  native 
point  defects.  However,  a  discrepancy  with  existing  Ga 
tracer  diffusion  data  becomes  manifest.  This  discrepancy 
gives  rise  to  the  following  questions:  (i)  Does  the 
presently  chosen  diffusion  conditions  allow  for  thermal 
equilibrium  among  the  various  atomic  species  and  point 


defects  to  be  established  near  the  surface  of  heavily 
Zn-doped  GaP?  (ii)  Does  the  Ga  tracer  data  from  the 
epitaxially  grown  isotope  heterostructures  correspond 
to  the  assumed  equilibrium  conditions?  (iii)  Are  more 
complex  mobile  defects  like  e.g.  VGa-Vp  divacancies 
involved  in  the  diffusion  process?  These  open  questions 
will  stimulate  further  research  on  diffusion  in  GaP  and 
other  III— V  compounds. 
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Abstract 

Zinc  oxide  has  numerous  applications  in  electronic  and  optoelectronic  devices.  Progress  is  currently  hampered  by  a 
lack  of  control  over  electrical  conductivity:  ZnO  is  typically  n-type  conductive,  the  cause  of  which  has  been  widely 
debated.  A  first-principles  investigation,  based  on  density  functional  theory,  shows  that  native  defects  are  unlikely  to  be 
the  cause  of  the  unintentional  n-type  conductivity.  Detailed  results  for  the  oxygen  vacancy  show  that  it  is  a  deep  donor, 
and  that  its  paramagnetic  state  is  metastable.  An  investigation  of  likely  donor  impurities  reveals  that  hydrogen  acts  as  a 
shallow  donor.  Experimental  results  are  discussed  in  the  light  of  these  new  insights.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  ZnO;  Doping;  Native  defects;  Hydrogen 


1.  Introduction 

Zinc  oxide  is  a  wide-band-gap  semiconductor  with 
numerous  technological  applications.  Its  strongly  non¬ 
linear  resistance  makes  it  useful  for  varistors,  its  large 
piezoelectric  constants  enable  applications  in  transdu¬ 
cers,  and  its  luminescence  is  used  in  phosphors.  The 
properties  of  ZnO  surfaces  are  sensitive  to  the  presence 
of  adsorbates,  allowing  applications  as  sensors.  ZnO 
also  exhibits  large  optical  nonlinearities  that  can  be 
exploited  in  optical  devices,  and  a  high  thermal 
conductivity  that  makes  it  suitable  as  a  substrate  for 
growth  of  other  materials,  including  GaN.  ZnO  has  a 
band  gap  of  3.4  eV,  very  close  to  that  of  GaN.  It  thus 
lends  itself  to  similar  applications  as  GaN  in  optoelec¬ 
tronics,  i.e.,  light  emitting  diodes  and  lasers  in  the  blue 
and  UV  region  of  the  spectrum.  Efficient  excitonic 
emission  should  be  possible  at  room  temperature  due  to 
the  large  exciton  binding  energy  (60  meV).  For  compar¬ 
ison,  the  exciton  binding  energy  in  GaN  is  25  meV. 
Optically  pumped  lasing  has  already  been  reported  in 
ZnO  platelets  [1],  thin  films  [2],  clusters  consisting  of 
ZnO  nanocrystals  [3],  and  ZnO  nanowires  [4]. 
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ZnO  can  be  grown  with  a  variety  of  techniques, 
including  vapor-phase  transport  [5],  hydrothermal 
growth  [6],  chemical  vapor  deposition  (MOCVD)  [7], 
laser  ablation  [8]  and  sputtering  [9].  Most  of  these 
growth  techniques  produce  ZnO  that  is  highly  n-type. 
This  high  level  of  n-type  conductivity  is  very  useful  for 
some  applications,  such  as  transparent  conductors — but 
in  general,  it  would  be  desirable  to  have  better  control 
over  the  conductivity.  In  particular,  the  ability  to  reduce 
the  n-type  background  and  to  achieve  p-type  doping 
would  open  up  tremendous  possibilities  for  device 
applications,  in  general,  and  for  light-emitting  diodes 
and  lasers,  in  particular. 

Because  of  its  widespread  occurrence,  the  uninten¬ 
tional  n-type  conductivity  has  conventionally  been 
attributed  to  native  defects.  In  particular,  zinc  inter¬ 
stitials  (Znj)  and  oxygen  vacancies  (Vo)  are  expected  to 
act  as  donors,  and  have  frequently  been  invoked  as  the 
source  of  high  carrier  concentrations.  Recent  first- 
principles  investigations  [10,11],  however,  have  revealed 
that  none  of  the  native  defects  exhibits  characteristics 
consistent  with  a  high-concentration  shallow  donor. 
Zinc  interstitials  have  high  formation  energies  and  low 
diffusion  barriers;  they  are  thus  unlikely  to  be  incorpo¬ 
rated  in  a  stable  fashion.  As  to  oxygen  vacancies,  the 
main  problem  is  that  they  are  deep  rather  than  shallow 
donors.  We  will  discuss  their  electronic  and  structural 
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properties  in  more  detail  in  Section  3.  Our  numerical 
results  on  native  defects  are  very  similar  to  those  of 
Zhang  et  al.  [12].  blit  we  differ  in  the  interpretation  of 
those  results. 

Having  concluded  that  native  defects  are  not  the  cause 
of  n-type  conductivity,  we  must  turn  to  extrinsic  sources, 

i.e.,  impurities  that  are  unintentionally  incorporated.  We 
have  proposed  that  hydrogen  is  an  excellent  candidate 
for  such  an  impurity  [13].  Hydrogen  is  ubiquitous  and 
very  difficult  to  remove  from  the  crystal  growth 
environment.  It  also  forms  a  strong  bond  with  oxygen, 
providing  a  powerful  driving  force  for  its  incorporation 
in  the  ZnO  crystal.  The  resulting  0~H  bonding  unit  can, 
in  fact,  be  regarded  as  a  new  type  of  dopant  atom,  the 
addition  of  the  proton  turning  the  oxygen  into  an 
element  behaving  more  like  fluorine.  Details  of  the 
behavior  of  hydrogen  in  ZnO  are  discussed  in  Section  4. 
We  will  discuss  experimental  evidence  for  this  proposal, 
including  some  very  recent  results  for  muonium,  a 
pseudo-isotope  of  hydrogen  [14,15]. 


2.  Methods 

Our  first-principles  calculations  are  based  on  density- 
functional  theory  (DFT)  within  the  local  density 
approximation  (LDA)  [16,17]  and  the  pseudopotential 
plane-wave  method  [18].  We  have  studied  both  the 
zinc-blende  (ZB)  and  the  wurtzite  (WZ)  structure;  the 
latter  is  the  stable  phase  for  ZnO.  Properties  of  native 
defects  and  impurities  are  very  similar  in  both 
phases;  unless  specifically  mentioned,  the  results  below 
are  for  WZ.  Our  defect  and  impurity  studies  were 
carried  out  in  supercells  containing  up  to  96  atoms 
for  the  WZ  structure  and  up  to  64  atoms  for  the  ZB 
structure,  using  2  or  3  special  k-points  in  the  irreducible 
part  of  the  Brillouin  zone.  Effects  of  the  Zn  3d  states 
were  included  using  the  nonlinear  core  correction 
(nice)  [19],  using  an  energy  cutoff  of  40  Ry.  Test 
calculations  with  explicit  inclusion  of  the  Zn  3d 
electrons  as  valence  electrons  (with  a  70  Ry  cutoff) 
confirmed  the  validity  of  the  conclusions  obtained  with 
the  nice. 

Formation  energies  are  foremost  among  the  quantities 
that  can  be  derived  from  the  first-principles  calculations. 
In  equilibrium,  the  formation  energy  £r  determines  the 
concentration  c  of  the  impurity  in  the  semiconductor 
through  the  expression 

c  =  A7siu*s  exp(  -  £f  /A*  T),  (1) 

where  yVsitc,  is  the  number  of  sites  in  the  lattice  where  the 
impurity  can  be  incorporated,  k  is  Boltzmann’s  con¬ 
stant,  and  T  is  the  temperature.  The  formation  energy  of 
a  hydrogen  interstitial  in  charge  state  q  is  defined  as 

£r(H")  =  £'"'(H")  -  £"”(bulk)  +  <■/£,.,  (2) 


where  £to,(Hf/)  is  the  total  energy  derived  from  a 
supercell  calculation  for  the  hydrogen  interstitial, 
and  £lo,(bu!k)  is  the  total  energy  for  a  supercell 
containing  only  bulk  ZnO.  pu  is  the  hydrogen 
chemical  potential,  i.e.,  the  energy  of  the  reservoir  with 
which  H  atoms  are  exchanged.  For  presentation 
purposes,  we  will  fix  the  value  of  //,,  to  half  the  energy 
of  an  H:  molecule.  £V,  finally,  is  the  Fermi  level,  i.e.,  the 
chemical  potential  of  the  reservoir  with  which  electrons 
are  exchanged. 

Defects  and  impurities  often  introduce  levels  in  the 
band  gap;  these  transition  levels  can  be  obtained  based 
on  our  calculated  total  energies.  The  transition  level 
f:(q+\/q)  is  defined  as  the  Fermi-level  position  for 
which  the  formation  energies  of  charge  states  q  -f  l  and 
q  are  equal.  It  is  well  known  that  DFT  produces  band 
gaps  significantly  smaller  than  experiment.  When 
performing  calculations  for  defects  and  impurities,  the 
band-gap  error  introduces  uncertainty  in  the  position  of 
the  transition  levels.  We  have  addressed  this  uncertainty 
by  comparing  results  obtained  with  the  nice  approach 
with  those  including  full  treatment  of  the  3d  states.  Such 
a  comparison  highlights  the  systematics  in  the  behavior 
of  the  defect  levels. 


3.  Oxygen  vacancies 

Our  calculations  show  that  the  defects  that  are 
favored  by  Zn-rich  conditions  (V0,  Zn,,  and  Zn())  all 
behave  as  donors.  Among  these,  the  oxygen  vacancy  has 
the  lowest  formation  energy.  The  oxygen  vacancy  has 
frequently  been  invoked  as  the  source  of  n-type 
conductivity  in  ZnO.  Our  results  indicate  that  this 
assignment  cannot  be  correct.  First  of  all.  the  formation 
energy  of  Vo  is  quite  high  under  n-type  conditions,  even 
under  Zn-rich  conditions.  More  importantly,  however, 
the  oxygen  vacancy  is  a  deep  rather  than  a  shallow 
donor.  Our  calculated  energies  for  the  various  charge 
states  of  V0  are  shown  in  Fig.  1. 

We  find  that  the  oxygen  vacancy  is  a  “negative- U" 
center,  implying  that  c(2  +  /+)  lies  above  c(+/0)  in  the 
band  gap.  As  the  Fermi  level  moves  upward,  the  charge- 
state  transition  is  thus  directly  from  the  2+  to  the  0 
charge  state,  at  an  energy  about  2.7  eV  above  the 
valence  band.  It  is  clear  that  the  oxygen  vacancy  cannot 
provide  electrons  to  the  conduction  band  in  a  stable 
manner,  and  therefore  it  cannot  be  a  source  of  n-type 
conductivity. 

An  alternative  way  to  express  the  negative-U  behavior 
of  V0  is  to  say  that  V()  is  always  higher  in  energy  than 
either  Vq  or  Vf},  for  any  Fermi-level  position.  The 
positive  charge  state  is  thus  never  thermodynamically 
stable.  This  is  an  important  finding,  because  it  is  the 
positive  charge  state,  with  its  unpaired  electron,  that  is 
detectable  by  magnetic  resonance  techniques.  We  thus 
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Fig.  1.  Relative  formation  energies  of  various  charge  states  of 
oxygen  vacancies  in  ZnO  as  a  function  of  Fermi  level,  obtained 
from  DFT-LDA  calculations.  The  formation  energy  of  the 
neutral  charge  state  is  chosen  as  the  reference,  and  the  zero  of 
Fermi  energy  is  chosen  at  the  top  of  the  valence  band. 
Transition  levels  and  the  value  of  U  are  indicated. 


do  not  expect  to  observe  an  electron  paramagnetic 
resonance  (EPR)  signal  associated  with  V0  under 
thermodynamically  stable  conditions.  It  is,  of  course, 
possible  to  create  oxygen  vacancies  in  the  +  charge  state 
in  a  metastable  manner,  for  instance  by  excitation  with 
light.  Once  generated,  Vj  does  not  immediately  decay 
into  the  2+  or  0  charge  state  because  of  energetic 
barriers.  These  barriers  are  associated  with  the  large 
lattice  relaxations  that  occur  around  the  oxygen 
vacancy;  these  relaxations  are  very  different  for  the 
different  charge  states.  We  thus  expect  that  at  low 
enough  temperatures  EPR  signals  due  to  Vj  may  be 
observed  upon  excitation,  but  if  the  excitation  is 
removed  and  the  temperature  is  raised,  these  signals 
will  decay. 

These  theoretical  results  shed  light  on  a  rather 
confused  situation  in  the  experimental  literature,  which 
contains  numerous  reports  of  EPR  measurements  on 
oxygen  vacancies.  Space  does  not  permit  to  provide  a 
comprehensive  list  of  references  here,  but  the  observa¬ 
tions  fall  into  two  broad  categories:  those  with  g  values 
« 1.96,  and  those  with  g&  1.99.  In  our  opinion,  it  is  the 
gx  1.99  signal  that  corresponds  to  Vo-  Smith  and  Vehse 
[20]  reported  that  the  g&  1.99  center  is  light  sensitive, 
and  they  also  observed  hyperfine  interactions  with  the 
Zn  neighbors  of  the  vacancy.  Similar  hyperfine  structure 
was  observed  by  Gonzalez  et  al.  [21].  Soriano  and 
Galland  [22]  subsequently  showed  that  illumination  is 
necessary  to  observe  the  gzz  1.99  line,  and  measured  its 
decay  after  illumination  is  turned  off.  The  light 
sensitivity  and  metastability  are  consistent  with  our 
results  for  the  oxygen  vacancy. 

With  regard  to  the  g « 1 .96  signal,  a  table  with 
reported  results  up  to  1970  can  be  found  in  Ref.  [23]. 


Numerous  authors  have  attributed  the  1.96  line  to 
oxygen  vacancies;  however,  the  evidence  for  this  was 
much  less  convincing  than  in  the  case  of  the  gm  1.99  line. 
It  is  much  more  likely  that  the  g&  1.96  signal  is 
associated  with  electrons  in  the  conduction  band  or  in 
a  donor  band,  as  originally  proposed  by  Muller  and 
Schneider  [24]. 


4.  Hydrogen  in  ZnO 

The  behavior  of  hydrogen  in  ZnO  is  highly  unusual. 
In  all  other  semiconductors  studied  to  date,  hydrogen 
has  been  found  (theoretically  as  well  as  experimentally) 
to  act  as  an  amphoteric  impurity  [25,26]:  in  p-type 
material,  hydrogen  incorporates  as  H+,  and  in  n-type 
material  as  H“,  always  counteracting  the  prevailing 
conductivity  of  the  material.  This  amphoteric  behavior 
precludes  hydrogen  from  acting  as  a  dopant,  i.e.,  from 
being  a  source  of  conductivity  of  the  material.  In  ZnO, 
however,  we  find  that  hydrogen  occurs  exclusively  in  the 
positive  charge  state,  i.e.,  it  always  acts  as  a  donor. 

The  calculated  formation  energy  for  H  in  ZnO  is 
displayed  in  Fig.  2.  The  lowest  energy  position  for  H+  is 
at  the  bond-center  (BC)  site,  with  the  antibonding  (AB0) 
position  slightly  higher  in  energy.  H°  and  H"  are  never 
stable  in  ZnO.  We  obtained  this  result  by  carefully 
checking  the  nature  of  the  energy  level  in  the  band 
structure  that  is  occupied  with  one  or  two  electrons  in 
the  H°  and  H_  calculations.  When  H  is  at  the  ABzn  site, 
the  corresponding  state  is  indeed  localized  near  the  H 
atom;  but  at  this  site,  the  energies  of  H°  and  are 
always  higher  than  that  of  H+,  for  all  Fermi-level 
positions.  When  H  is  at  the  BC  or  AB0  sites,  the 
occupied  state  turns  out  to  be  an  extended  state.  Correct 
calculations  for  H°  and  H~  should  therefore  not  place 


Fig.  2.  Formation  energy  of  interstitial  hydrogen  in  ZnO  as  a 
function  of  Fermi  level,  obtained  from  DFT-LDA  calculations 
and  referenced  to  the  energy  of  a  free  H2  molecule.  Zero-point 
energies  are  included.  The  zero  of  Fermi  energy  is  chosen  at  the 
top  of  the  valence  band. 
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electrons  in  this  state — the  actual  hydrogen-induced 
energy  level  occurs  higher  in  the  band  structure.  When 
these  considerations  are  taken  into  account,  AB()  and 
BC  are  found  to  be  even  higher  in  energy  than  ABZn  for 
both  H°  and  H~. 

Coming  back  to  the  positive  charge  state,  we  note  that 
H~  prefers  sites  where  it  can  strongly  bind  to  an  oxygen 
atom;  forming  an  O-H  bond  with  a  length  of  0.99- 
1.01  A.  Large  lattice  relaxations  occur  around  the 
hydrogen  interstitial;  in  particular,  for  the  BC  config¬ 
uration  the  Zn  atom  moves  outward  over  a  distance 
equal  to  40%  of  the  bond  length  (0.8  A),  to  a  position 
slightly  beyond  the  plane  of  its  nearest  neighbors. 
Simultaneously,  the  O  atom  moves  outwards  by  11% 
of  the  bond  length.  For  the  AB  configuration,  the 
relaxation  of  both  Zn  and  O  amounts  to  about  20%  of 
the  bond  length. 

Interestingly,  such  large  relaxations  are  not  unique  to 
hydrogen.  We  have  performed  calculations  for  fluorine 
in  ZnO,  which  we  find  to  be  a  shallow  donor,  in 
agreement  with  experiment  [27].  For  F  ,  we  find  a  large 
displacement  of  one  of  the  neighboring  Zn  atoms  away 
from  the  F  atom,  by  25%  of  the  bond  length:  the  F  atom 
itself  moves  outward  by  12%  of  the  bond  length.  The 
bond  between  the  F  atom  and  one  of  its  Zn  neighbors  is 
thus  effectively  broken.  Such  large  relaxations  are 
usually  thought  of  as  giving  rise  to  deep  (localized) 
states,  but  here  we  find  that  F  still  behaves  as  a  shallow 
donor. 

Hydrogen  is,  of  course,  a  very  plausible  impurity  to  be 
unintentionally  incorporated  during  growth  or  proces¬ 
sing.  Hydrogen  can  indeed  be  present  in  all  of  the 
growth  techniques  mentioned  in  Section  1 .  Experimental 
indications  for  hydrogen's  behavior  as  a  donor  in  ZnO 
were  reported  in  the  1950s  [28-30].  ZnO  was,  in  fact,  the 
first  semiconductor  in  which  the  properties  of  hydrogen 
were  systematically  studied.  Those  results,  however, 
went  largely  unnoticed  during  the  upsurge  in  research 
activity  on  hydrogen  in  semiconductors  that  started 
about  30  years  later.  Thomas  and  Lander  [29]  observed 
an  increase  in  n-type  conductivity  when  H  diffuses  into 
ZnO.  They  actually  used  the  measured  conductivity  as  a 
function  of  temperature  to  derive  the  solubility  of  H  in 
ZnO,  and  found  the  heat  of  the  reaction  H2  x 
(gas)“*2H~  +  2e  to  be  3.2,  or  1.6  eV  per  hydrogen. 
This  value  should  correspond  (within  small  correction 
terms)  to  the  formation  energy  for  H~  in  ZnO  as  defined 
above  and  plotted  in  Fig.  2.  For  E\  =  £c>  this  formation 
energy  is  1.56  eV,  in  very  good  agreement  with  the 
experimental  value. 

More  recent  experiments  have  also  proved  consistent 
with  the  nature  of  hydrogen  as  a  donor.  An  increase  in 
conductivity  upon  exposure  to  H2  was  observed  by  Baik 
et  al.  [31],  and  by  Kohiki  et  al.  [32]  who  introduced 
hydrogen  by  proton  implantation  followed  by  annealing 
at  200° C. 


Finally,  we  mention  the  very  recent  results  obtained 
with  the  muon  spin  rotation  technique  [14,15].  Muo- 
nium  is  a  pseudo-isotope  of  hydrogen  and  is  expected  to 
exhibit  a  very  similar  electronic  structure.  Muonium  in 
ZnO  was  observed  to  exhibit  all  characteristics  of  a 
shallow  donor  (including  ionization  behavior  consistent 
with  a  level  close  to  the  conduction  band,  and  a 
delocalized  wave  function),  confirming  the  model  that 
H  acts  as  a  shallow  donor. 

Controlling  the  background  n-type  conductivity  is  an 
essential  first  step  towards  achieving  p-type  doping. 
Nitrogen  seems  to  be  a  good  candidate  acceptor,  and, 
interestingly,  the  simultaneous  incorporation  of  hydro¬ 
gen  may  actually  be  beneficial  for  achieving  p-type 
doping.  As  previously  discussed  in  the  context  of  p-type 
doping  of  GaN  [33],  hydrogen  has  the  beneficial  effect  of 
increasing  acceptor  solubility  and  suppressing  compen¬ 
sation  by  native  defects.  Whether  this  type  of  dopant 
engineering  also  works  in  the  case  of  ZnO  will  depend 
on  the  binding  and  dissociation  energies  of  N-H 
complexes,  and  on  the  barriers  that  need  to  be  overcome 
to  remove  H  from  the  vicinity  of  the  acceptors  during  a 
post-growth  anneal. 

5.  Conclusions 

We  have  reported  first-principles  results  for  native 
defects  and  for  hydrogen  in  ZnO.  We  argue  that  native 
defects  do  not  provide  a  consistent  explanation  for  the 
observed  n-type  conductivity,  pointing  towards  an 
extrinsic  impurity  as  the  cause.  In  particular,  we  note 
that  the  oxygen  vacancy  is  a  deep  acceptor,  with 
metastable  behavior  consistent  with  the  experimentally 
observed  r/%  1.99  EPR  center.  As  to  the  nature  of  the 
unintentional  impurity,  we  propose  that  hydrogen  is  a 
plausible  candidate. 
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Abstract 


The  ferromagnetism  in  ZnO-based  diluted  magnetic  semiconductors  (DMSs)  is  investigated  based  on  the  first 
principles  calculations.  The  electronic  structure  of  a  ZnO-based  DMS  is  calculated  using  the  Korringa-Kohn-Rostoker 
method  combined  with  the  coherent  potential  approximation  based  on  the  local  density  approximation.  The  stability  of 
the  ferromagnetic  state  compared  with  that  of  the  spin-glass  state  is  systematically  investigated  by  calculating  the  total 
energy  difference  between  them.  It  is  found  that  the  ferromagnetic  state  is  more  stable  than  the  spin-glass  state  in 
V-,  Cr-.  Fe-.  Co-  or  Ni-doped  ZnO  without  any  additional  carrier  doping  treatments.  In  the  case  of  the  Mn-doped  ZnO, 
the  spin-glass  state  is  stable  at  a  carrier  concentration  of  0%,  but  the  ferromagnetic  state  is  stabilized  by  the  hole 
doping  treatment.  Analyzing  the  calculated  density  of  states,  it  is  proposed  that  the  origin  of  the  stabilization  of 
the  ferromagnetism  is  a  double-exchange  mechanism.  (f\.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  75.50.p 
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1.  Introduction 

Since  the  successful  synthesis  of  ferromagnetic  (In, 
Mn)As  and  (Ga.  Mn)As.  diluted  magnetic  semiconduc¬ 
tors  (DMSs)  have  been  studied  extensively  to  realize 
semiconductor  spin  electronics  (spintronics)  [I].  From 
the  industrial  viewpoint,  it  is  indispensable  to  fabricate  a 
ferromagnetic  DMS  whose  Curie  temperature  (F( )  is 
higher  than  the  room  temperature.  Recently,  some  new 
high-Fc  DMSs  were  proposed  based  on  experimental 
[2—4]  and  theoretical  [5-9]  studies.  However,  in  order  to 
develop  spintronics  as  a  practical  technology,  it  is  still 
necessary  to  explore  a  new  candidate  of  functional  DMS 
whose  magnetic  property  is  controllable  by  changing  the 
external  field  or  carrier  concentration. 

In  this  paper,  the  magnetism  of  (Zn.TM)O.  where 
TM  is  one  of  the  3d-transition  metals,  is  investigated 
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based  on  the  first  principles  calculations  [6-9],  and  a 
materials  design  of  new  ferromagnetic  ZnO-based 
DMSs  is  proposed.  Recently.  ZnO  attracted  much 
attention  because  of  its  low  cost,  abundance  and  being 
environmentally  friendly.  Besides.  ZnO  has  a  wide  band- 
gap  energy  of  3.3  eV  and  a  large  exciton  binding  energy 
of  60  meV,  so  it  is  one  of  the  most  promising  substances 
for  optoelectronics.  Jin  et  al.  experimentally  showed  that 
3d-TM  was  soluble  up  to  several  tens  (%)  in  ZnO  [10]. 
Moreover,  Joseph  et  al.  successfully  prepared  p-type 
ZnO  thin  films  by  using  the  codoping  method  [II]. 
Therefore,  it  is  worth  investigating  the  carrier-induced 
ferromagnetism  in  the  ZnO-based  DMSs. 


2.  Calculation 

The  electronic  structure  of  the  TM-doped  ZnO  is 
performed  based  on  the  local  spin  density  approxima¬ 
tion  with  the  parameterization  by  Morruzi  et  al.  [12]. 
The  relativistic  effect  is  taken  into  account  by  the  scalar 
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relativistic  approximation.  We  employ  the  muffin-tin 
approximation  to  describe  the  crystal  potential,  and  the 
wave  functions  in  each  muffin-tin  sphere  are  expanded 
with  real  harmonics  up  to  /  =  2,  where  /  is  the  angular 
momentum  defined  at  each  muffin-tin  sphere.  Through¬ 
out  the  present  calculations,  lattice  constants  of  doped 
ZnO  are  fixed  to  those  o  of  pure  ZnO,  which  are 
a  =  3.24950  A,  c  -  5.2069  A  and  the  internal  coordinate 
u  =  0.345  [13].  These  lattice  constants  lead  to  muffin-tin 
radii  of  0.941  and  0.855  A  for  the  Zn  and  O,  respectively, 
to  touch  muffin-tins  with  each  other.  Fifty-two  indepen¬ 
dent  fc-points  in  the  first  Brillouin  zone  are  used  in  the 
calculations. 

ZnO-based  DMSs  are  described  within  the  framework 
of  the  coherent  potential  approximation  to  take  disorder 
into  account  [14].  Owing  to  this  treatment,  it  is  possible 
to  simulate  the  random  distribution  of  the  TM- 
impurities  in  an  ab  initio  manner.  In  ZnO,  the  TM 
impurity  has  almost  saturated  magnetic  moment.  In  this 
case,  there  are  two  directions  of  the  magnetic  moment 
along  the  quantization  axis,  i.e.,  up  and  down  directions. 
Consequently,  there  are  two  self-consistent  solutions  for 
the  electronic  structure  of  the  ZnO-based  DMS.  One  is 
the  ferromagnetic  state  in  which  all  of  the  magnetic 
moments  are  parallel  with  each  other.  This  is  written  as 
(Zn,  TM“p)0,  where  x  is  the  concentration  of  the  TM. 
The  other  is  the  spin-glass  state  in  which  the  magnetic 
moments  are  pointed  randomly  at  each  other,  therefore, 
the  system  has  no  magnetization.  This  is  written  as 
(Zn,  TM“y2,  TM*Jy2  n)0.  Comparing  the  total  energy  of 
the  ferromagnetic  state  with  that  of  the  spin-glass  state, 
it  is  possible  to  judge  which  state  is  more  stable.  Naively, 
the  total  energy  difference  between  these  two  states 
corresponds  to  Tc- 


3.  Results  and  discussion 

3.1.  Chemical  trend 

First,  the  chemical  trend  in  the  magnetic  states  of  the 
ZnO-based  DMSs  is  investigated.  The  stability  of  the 
ferromagnetic  state  in  (Zn,  TM)0  is  studied  as  a 
function  of  atomic  number  of  the  TM  impurity  without 
any  additional  carrier  doping  treatments.  V,  Cr,  Mn,  Fe, 
Co  and  Ni  are  chosen  as  TM  impurities.  Calculated 
energy  differences  per  one  formula  unit  are  shown  in 
Fig.  1.  The  TM  concentrations  are  5%,  10%,  15%,  20% 
and  25%.  As  shown  in  the  figure,  (Zn,TM)0  is 
ferromagnetic  except  for  Mn,  and  the  ferromagnetic 
states  are  very  much  stable.  For  example,  in  25%  V- 
doped  ZnO,  an  energy  difference  of  1.36  mRy  is 
expected.  This  is  larger  than  the  energy  difference  of 
0.12  mRy  in  5%  Mn-doped  GaAs.  Taking  into  account 
that  the  Tc  of  5.5%  Mn-doped  GaAs  is  110K  [15],  it  is 
suggested  that  the  ZnO  doped  with  V,  Cr,  Fe,  Co  or  Ni 


Fig.  1 .  The  stability  of  the  ferromagnetic  states  in  ZnO-based 
DMSs.  V,  Cr,  Mn,  Fe,  Co  or  Ni  is  doped  as  a  magnetic 
impurity.  The  vertical  axis  is  the  energy  difference  per  one 
formula  unit  between  the  ferromagnetic  and  the  spin-glass  state. 
A  positive  energy  difference  indicates  that  the  ferromagnetic 
state  is  more  stable  than  the  spin-glass  state. 


is  a  candidate  for  high- 7c  ferromagnetic  DMS.  It  has 
been  shown  experimentally  that  TM-doped  ZnO  is 
transparent  with  visible  ray  [10],  therefore,  a  material 
design  of  transparent  ferromagnets  with  ZnO-based 
DMSs  is  proposed  based  on  the  present  calculations. 

Recently,  some  experiments  have  been  performed  to 
confirm  the  present  materials  design,  and  the  ferromag¬ 
netic  behavior  was  reported  in  (Zn,  Co)0  [16]  and 
(Zn,  Ni)0  [17]  above  room  temperature.  On  the  other 
hand,  the  ferromagnetic  interaction  was  not  detected  by 
the  magneto-optical  experiment  [18].  Further  experi¬ 
mental  efforts  are  needed  to  make  the  magnetism  in  the 
ZnO-based  DMSs  clear. 

In  order  to  elucidate  the  mechanism  underlying  the 
ferromagnetism  in  the  ZnO-based  DMSs,  density  of 
states  (DOS)  of  the  ZnO-based  DMS  is  calculated.  In 
Fig.  2,  the  total  DOS  per  unit  cell  and  partial  DOS  of 
3d-states  per  atom  at  each  TM  site  in  the  ferromagnetic 
state  are  shown.  The  TM  atoms  are  doped  up  to  25%. 
The  host  valence  band  consists  of  Zn-3d  bands,  which 
appear  at  approximately  0.5  Ry  below  the  Fermi  level 
(E¥)  as  a  peak  whose  width  is  0.15Ry,  and  0-2p  band, 
which  distributes  from  —0.4  to  —  0.2  Ry.  Between  the 
valence  band  and  the  conduction  band,  there  are 
impurity- 3d  states.  These  impurity  states  show  large 
exchange  splitting,  and  they  are  gradually  occupied  as 
increasing  the  atomic  number  of  impurity.  Since  the 
exchange  splitting  is  larger  than  the  crystal  field 
splitting,  all  the  TMs  are  in  high  spin  states.  In 
particular,  the  half-metallic  DOS  are  realized  in  the 
Y-,  Cr-,  Fe-,  Co-  and  Ni-doped  ZnO. 

In  Fig.  2(c),  it  is  shown  that  the  Mn  impurity  has  d5 
electron  configuration  due  to  the  substitution  of  Zn2  + 
by  Mn2  +  .  In  this  case,  it  is  suggested  that  the  anti¬ 
ferromagnetic  super-exchange  interaction  between  the 
Mn  ions  stabilize  the  spin-glass  state.  On  the  other  hand, 
V2  +  ,  Cr2  +  ,  Fe2+,  Co2+  and  Ni2+  have  d3,  d4,  d6,  d7 
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T°'l D0S  per  Unlt  ccl1  <solid  linc)  a,ld  parlial  dcnsi,y  of  d-statcs  per  TM  atom  at  the  TM  site  (dotted 
(b,'Z"'Cirl)0' (e)  <ZnMn>°-  W)  (Zn-  Fe)0.  (e)  (Zn.Co)O  and  (f)  (Zn.Ni)O  in  the  ferromaanctic  state.  The  TM 
lo  25  /o.  The  energy  is  relative  to  the  Fermi  energy. 


line)  in  (a)  (Zn.  V)0, 
atoms  are  doped  up 


and  ds  electronic  configurations,  respectively,  therefore. 
3d-band  of  the  up-  or  the  down-spin  states  are  not  fully 
occupied.  In  these  cases,  the  3d-electron  in  the  partially 
occupied  3d-orbitals  of  the  TM  is  allowed  to  hop  to  the 
3d-orbitals  of  neighboring  TM,  if  neighboring  TM  ions 
have  parallel  magnetic  moments.  As  a  result,  the  d- 
electron  lowers  its  kinetic  energy  by  hopping  in  the 
ferromagnetic  state.  This  is  the  so-called  "double¬ 
exchange  mechanism.  Akai  had  already  pointed  out 
this  mechanism  in  his  paper  on  the  magnetism  in  the 
(In,  Mn)As  [19].  From  this  point  of  view,  the  magnetism 
in  ZnO-based  DMSs  is  well-understood  [6—9], 

3.2 .  Carrier-induced  ferromagnetism 

In  this  section,  the  magnetism  in  the  ZnO-based 
DMSs  under  carrier  doping  treatment  is  investigated 
[6,7].  Fig.  3  shows  energy  difference  per  one  unit  cell 
(two  formula  units)  between  the  ferromagnetic  and  the 
spin-glass  state  in  the  Mn-doped  ZnO  as  a  function  of 
the  carrier  concentration.  In  the  (Zn.  Mn)0,  the  spin- 
glass  state  is  realized  because  there  is  no  itinerant  carrier 
and  there  is  no  contribution  of  the  double-exchange 
interaction  with  the  ferromagnetism.  While  increasing 
the  hole  concentration  by  N-doping.  the  ferromagnetic 
state  is  stabilized  as  shown  in  Fig.  3,  namely,  it  is 
suggested  that  the  carrier-induced  ferromagnetism  will 
be  observed  in  the  (Zn.Mn)O  as  is  in  the  (Ga.Mn)As. 
Moreover,  energy  difference  is  large  compared  with  that 
of  the  (Ga.Mn)As  and  a  high-7V  is  expected.  On  the 
contrary  to  the  hole  doping,  electron  doping  does  not 
stabilize  the  ferromagnetic  state  as  shown  in  Fig.  3.  The 
Zn  atoms  are  substituted  by  Ga  atoms  to  dope  electrons. 
Due  to  the  large  hybridization  of  the  N-2p  states  with 
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Fig.  3.  Stability  of  the  ferromagnetic  state  in  Mn-doped  ZnO- 
based  DMSs  as  a  function  of  the  carrier  concentration.  The 
vertical  axis  is  the  energy  difference  between  the  ferromagnetic 
and  the  spin-glass  state  per  two  formula  units.  A  positive  energy 
difference  indicates  that  the  ferromagnetic  states  are  more 
stable  than  the  spin-glass  state.  The  horizontal  axis  is  the 
concentration  of  the  holes  or  electrons. 

the  Mn-3d  states,  holes  are  itinerant  in  keeping  with  its 
d-character,  therefore  the  kinetic  energy  is  lowered  so 
efficiently  that  the  ferromagnetic  state  is  stabilized  by  the 
double-exchange  mechanism.  On  the  other  hand,  the 
doped  electrons  never  go  into  the  Mn-3d  states  but  into 
the  host  conduction  band,  therefore,  the  double¬ 
exchange  mechanism  does  not  work  to  stabilize  the 
ferromagnetism. 

The  magnetism  of  the  (Zn.Fe)O,  (Zn,Co)0  and 
(Zn,  Ni)0  under  carrier  doping  treatment  is  also 
investigated  [7].  In  these  systems,  the  ferromagnetic 
states  are  stabilized  much  more  by  electron  doping. 
Considering  that  the  n-type  ZnO  is  easily  available  and 
the  intrinsic  defects  such  as  the  O-vacancies  and  Zn- 
interstitials  work  as  a  donor,  it  is  concluded  that  the 
(Zn,  Fe)0,  (Zn,Co)0  and  (Zn.Ni)O  are  promising 
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candidates  for  high- 7c  ferromagnets.  It  is  also  suggested 
that  the  (Zn,  Mn,  Fe)0,  (Zn,  Mn,  Co)0  or  (Zn, 
Mn,Ni)0  may  show  carrier-induced  ferromagnetism 
under  electron  doping  by  adjusting  the  ratio  of  Mn  to 
Fe,  Co  or  Ni.  It  is  strongly  encouraged  to  perform  the 
first  principles  materials  design  along  this  idea. 


4.  Conclusion 

In  this  paper,  the  magnetism  in  ZnO-based  DMSs  is 
investigated  by  the  first  principles  calculations.  It  is 
proposed  that  high- 7c  ferromagnetic  DMSs  are  avail¬ 
able  in  V-,  Cr-,  Fe-,  Co-  and  Ni-doped  ZnO-based 
DMSs.  As  for  controlling  the  magnetism  of  the  ZnO- 
based  DMSs,  it  is  shown  that  the  Mn-doped  ZnO 
changes  its  magnetic  states  from  the  spin-glass  state  to 
the  ferromagnetic  state  with  increasing  hole  concentra¬ 
tion.  It  is  also  shown  that  it  is  possible  to  raise  the  Tq  of 
Fe-,  Co-  and  Ni-doped  ZnO  by  electron  doping. 
Analyzing  the  calculated  DOS,  it  is  proposed  that  the 
mechanism  to  stabilize  the  ferromagnetic  state  is  the 
double-exchange  mechanism.  We  believe  that  new  ideas 
which  contribute  to  the  spintronics  will  be  triggered 
under  the  guidance  of  the  present  materials  design. 
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Abstract 


Optically  detected  magnetic  resonance  shows  that  a  broad,  green  emission  band  in  ZnO  at  2.45  eV  originates  from  a 
spintriplet-recombination  characterised  by  f/|jr=  1.984  and  g1(.  =  2.025  (parallel  and  perpendicular  to  the  crystal¬ 
lographic  e-axis,  respectively)  and  a  zero-field  splitting  of  D  =  260  x  10  4  cm  1 .  These  parameters  and  the  polarisation 
properties  of  the  emission  are  very  similar  to  the  anion  vacancies  in  CaO  but  not  compatible  with  the  Zeeman  results  on 
ZnO :  Cu.  (e  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnO:  Optically  detected  magnetic  resonance;  Anion  vacancies 


1.  Introduction 

The  recently  reported  ability  to  dope  ZnO  p-type  has 
stimulated  renewed  interest  in  this  material  system  as  it 
opens  novel  possibilities  for  opto-electronic  emitters  in 
the  blue  spectral  range  [1].  Successful  doping  typically 
requires  a  detailed  knowledge  on  the  presence  of  residual 
impurities  as  well  as  on  the  formation  of  intrinsic  defects 
because  in  many  cases  these  defects  counteract  in  the 
desired  conductivity  type  or  have  severe  influence  on  the 
optical  properties  of  the  material.  For  ZnO  an  emission 
in  the  green  spectral  range  is  commonly  reported,  but 
the  responsible  defects  are  not  identified.  Cu  present  in 
ZnO  as  a  residual  impurity  was  shown  to  create  an 
emission  in  the  green  spectral  range.  The  Cu  related 
emission  band  exhibits  a  pronounced  LO-phonon 
structure  [2]  and  detailed  structural  information  is 
available  from  Zeeman  experiments  [3].  But  more 
frequently  a  broad  emission  is  observed  without  any 
phonon  structure,  and  intrinsic  defects  such  as  O-  or  Zn- 
vacancies  are  discussed  as  the  origin  of  this  recombina¬ 
tion  [4]. 
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We  used  nominally  undoped  ZnO  crystals  and  Cu 
doped  ZnO  crystals  for  our  optically  detected  magnetic 
resonance  (ODMR)  investigation  and  will  show  that  the 
origin  of  the  unstructured  green  emission  band  in  the 
undoped  crystals  is  a  spintriplet  system  with  properties 
similar  to  the  anion  vacancies  in  CaO  and  MgO. 


2.  Experimental  details 

For  our  photoluminescence  (PL)  and  ODMR  experi¬ 
ments  we  used  undoped  n-type  ZnO  single  crystals, 
which  are  commercially  available  from  Eagle-Picher.  The 
electrical  properties  are  very  similar  to  the  samples 
investigated  by  Look  et  al.  [5]  which  originates  from  the 
same  supplier.  The  total  shallow  donor  concentration  is 
about  I  x  10!7cm  \  The  ODMR  measurements  were 
carried  out  with  a  24  GHz  microwave  bridge  with 
200  mW  maximum  output  power.  The  sample  is  placed 
in  a  TE()||  resonator  immersed  in  liquid  helium  at  1.5  K 
being  part  of  a  4T  superconducting  magnet  system.  The 
luminescence  is  excited  by  a  HeCd  laser  (325  nm.  35  mW) 
and  analysed  by  a  l/4m  monochromator  in  connection 
with  a  photomultiplier  tube.  A  photo-elastic  modulator 
(PEM)  operating  at  42  kHz  in  connection  with  a  linear- 
polarizer  allows  to  measure  the  difference  of  the  left-  and 
right-circular  polarized  components  of  the  emitted  light, 
i.e.  the  magnetic  circular  polarisation  of  the  emission 
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(MCPE).  Either,  the  frequency  of  the  PEM  or  the 
amplitude  modulation  frequency  of  the  microwave 
power  served  as  the  reference  for  lock-in  detection. 


3.  Results 

Fig.  la  shows  the  low  temperature  PL  spectra  of  the 
undoped  ZnO  sample.  At  high  energies  bound  exciton 
emissions  are  dominating,  followed  by  LO-phonon 
replica.  In  the  spectral  range  below  2.75  eV  the 
unstructured  “green”  emission  is  visible.  The  intensity 
maximum  of  the  emission  is  at  2.45  eV  and  its  full  width 
at  half  maximum  is  320  meV.  For  comparison  we  show 
in  Fig.  lb  the  emission  of  a  Cu  doped  ZnO  sample  in 
this  spectral  range.  Although  the  emission  maximum  of 
the  Cu  related  band  is  almost  the  same  as  that  observed 
in  the  undoped  sample  its  LO-phonon  structure  is 
clearly  visible  and  gives  evidence  that  the  two  emissions 
are  of  different  origin. 

Following  the  temperature  dependence  of  the  green 
emission  in  undoped  ZnO  (Fig.  2)  we  find  that  it 
maintains  its  peak  position  up  to  300  K,  while  the 
excitonic  recombination  follows  the  shrinkage  of  the 
bandgap  of  ZnO.  This  is  a  typical  feature  of  a 
recombination  within  a  localised  defect,  i.e.  the  ground 
and  excited  states  are  only  very  weakly  coupled  to  the 
band  properties  of  the  host  crystal. 

In  order  to  get  further  insight  in  the  nature  of  the 
green  emission  in  the  undoped  samples  we  performed 
ODMR.  From  ODMR  experiments  monitoring  the 
emission  intensity  and  modulating  the  microwave  power 
spectra  such  as  shown  in  Fig.  3a  are  obtained.  In  phase 
with  the  microwave  modulation  frequency  two  reso¬ 
nances  are  observed  which  enhance  the  emission 


Fig.  1.  Photoluminescence  spectrum  of  undoped  ZnO  (spec¬ 
trum  (a)),  the  arrow  indicates  the  peak  position  of  the  green 
emission  on  which  the  ODMR  results  were  obtained.  Spectrum 
(b)  shows  the  phonon  structured  emission  observed  in  Cu 
doped  ZnO  samples  (5  K,  325  nm  HeCd  laser). 


Fig.  2.  Dependence  of  the  peak  position  of  the  donor  bound 
exciton  (D°X)  and  the  2.45  eV  emission  on  temperature.  The 
D°X  follows  the  shrinkage  of  the  bandgap  (drawn  line),  while 
the  2.45  eV  emission  maintains  its  peak  position. 


Magnetic  Field  (T) 


Fig.  3.  (a)  Optically  detected  magnetic  resonance  spectra 
measured  on  the  2.45  eV  emission:  (I)  “in  phase”  with  the 
microwave  pulses,  (II)  “90°  phase”,  (b)  Angular  dependence  of 
the  ODMR  signals  (0° :  J50||c,  90°:  B0lc). 


intensity  of  the  order  of  1  %  (spectrum  I),  while  with  a 
90°  phase  shift  a  third  signal  is  detected  (spectrum  II). 
This  behaviour  is  observed  independent  of  the  micro- 
wave  modulation  frequency  which  could  be  set  in  the 
range  from  30  Hz  to  5  kHz. 

These  observations  indicate  that  the  two  signals  are  of 
different  origin.  This  is  also  evident  from  the  orientation 
dependence  of  the  resonances  in  respect  to  the  magnetic 
field  (B0)  (Fig.  3b).  The  small  signal  is  isotropic  and  the 
corresponding  g-value  is  g  =  1 .956,  i.e.  the  g-value  of 
shallow  donors  in  ZnO  [6].  The  reported  small 
anisotropy  of  the  signal  originating  from  the  wurtzite 
crystal  structure  of  ZnO  is  not  resolvable  in  our  ODMR 
experiments.  The  two  intense  resonances  show  the 
characteristic  angular  dependence  of  a  spin-triplet 
system  (S  =  1).  The  orientation  dependence  is  explained 
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by  the  solution  of  the  spin  Hamiltonian: 

H  =  ftB  BotfS  4-  D[S:  - 1  /35(5  +  1 )]  ( 1 ) 

with  jr/| ;=  1.984  and  cj±  =  2.025,  and  a  fine-structure 
splitting  D  of  D  =  260  x  10" 4  cm  '. 

It  was  proven  that  the  triplet  resonances  are  detectable 
only  in  the  energy  range  of  the  green  emission.  The 
shallow  donor  is  also  detectable  in  the  excitonic  range, 
but  as  an  emission  enhancing  signal.  This  indicates  that 
the  shallow  donor  signal  appears  in  the  green  emission 
by  a  spin  dependent  energy  transfer  process. 

Further  proof  for  the  triplet  nature  of  the  recombina¬ 
tion  were  obtained  from  ODMR  experiments  monitor¬ 
ing  the  MCPE  (Fig.  4).  The  MCPE  intensity  shows  the 
expected  increase  with  increasing  magnetic  field,  and  the 
two  triplet  related  resonances  (marked  by  arrows)  are 
now  observed  as  MCPE  enhancing  and  decreasing 
signals.  At  low  magnetic  fields  an  additional  resonance 
is  seen  (labeled  Level  Anti-Crossing  (LAC)).  It  is 
observable  even  without  applying  any  microwaves 
during  the  measurement.  The  sign  of  the  triplet 
resonances  and  the  appearance  of  the  LAC  signals  are 
fully  explained  by  the  level  scheme  shown  in  the  inset  of 
Fig.  4.  The  circular  polarised  components  of  the 
emission  arise  from  the  magnetic  sublevels  j-l>  and 
I  +  1 ) .  Due  to  the  selection  rules  for  dipole  transitions 
we  can  expect  the  0>  state  to  have  the  highest 
population,  between  the  -1)  and  +1)  levels  we 
assume  a  thermalised  population.  The  latter  is  justified 
by  the  intensity  dependence  of  the  MCPE  in  respect  to 
which  follows  the  expected  Brillouin-function 
behaviour  for  an  5=1  system.  For  the  ODMR 
transition  equalising  the  population  differences  between 
the  +  1 )  and  0  )  levels  we  thus  expect  a  decrease  of  the 
MCPE  and  for  the  -1)  to  0)  an  enhanced  MCPE 
intensity.  The  LAC  signal  is  caused  by  the  “crossing”  of 
the  |1 )  with  the  0)  state  and  is  a  direct  measure  of  fine 


Fig.  4.  Optically  detected  magnetic  resonance  spectrum  de¬ 
tected  on  the  magnetic  circular  polarisation  emission  (MCPE) 
of  the  2.45  eV  recombination  in  undoped  ZnO,  The  inset  shows 
the  level  scheme  of  the  triplet  explaining  the  magnetic  resonance 
positions. 


s=o 


Fig.  5.  Recombination  model  for  the  2.45  eV  recombination  in 
undoped  ZnO.  For  details  sec  text. 

structure  splitting  D.  Further  the  observation  of  the 
LAC  in  connection  with  the  sign  of  the  ODMR 
resonances  allows  to  determine  the  sign  of  D  which  is 
positive  in  our  case.  Remarkable  is  the  strong  influence 
of  the  shallow  donor  resonance  on  the  MCPE  of  the 
triplet  recombination.  It  gives  further  evidence  that  the 
population  of  the  + 1 )  sublevels  of  the  triplet  is 
strongly  dependent  on  the  population  of  the  magnetic 
sublevels  of  the  shallow  donor,  i.e.  a  spin  dependent 
energy  transfer  process. 

Discussing  the  origin  of  the  triplet  emission  we  find 
similarities  to  the  anion  vacancies  (F-centres)  in  CaO 
and  MgO  [7].  The  ground  state  of  the  centre  is  a  singlet 
state  with  two  electrons,  the  neutral  oxygen  vacancy. 
Excitation  with  light  leads  to  an  excited  singlet  state, 
from  which  the  electrons  can  relax  into  the  triplet  5  =  1 
state,  causing  the  ODMR  signals  (see  Fig.  5).  The 
optical  cycle  is  closed  by  radiative  recombination  back 
to  the  5  =  0  groundstate.  Such  a  cycle  also  explain  our 
ODMR  results  as  well  as  the  constant  emission  energy 
of  the  green  band  with  temperature.  Above  bandgap 
excitation  seems  to  excite  simultaneously  the  excitonic 
and  the  oxygen  vacancy  recombinations. 

It  should  be  noted  that  we  failed  to  detect  any  ODMR 
signals  on  the  LO-phonon  structured  emission  in  the  Cu 
doped  samples  and  that  the  ground  and  excited  state  g- 
values  obtained  by  Zeeman  spectroscopy  for  the  green  Cu 
emission  are  incompatible  to  the  results  obtained  here. 

In  summary,  our  experimental  results  on  the  green 
unstructured  emission  band  at  2.45  eV  observed  in 
undoped  ZnO  show  that  it  is  a  spintriplet  recombination 
with  properties  very  similar  to  anion  vacancies  in  ionic 
crystals.  We  thus  conclude  that  it  originates  from  the 
oxygen  vacancy  in  ZnO. 
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Abstract 

Based  on  first-principles  electronic  structure  calculations  for  N-rcIated  and  native  point  defects  in  Zinc  Oxide  (ZnO). 
we  propose  a  mechanism  for  the  compensation  of  N  acceptors.  As  compared  to  a  normal  N:  source,  the  use  of  an  active 
plasma  N2  gas  generally  increases  the  N  solubility  limit,  because  the  N  chemical  potential  is  enhanced.  However, 
whenever  a  pure  N  source  is  used,  N  acceptors  are  greatly  compensated  by  donor  defects,  which  may  explain 
the  difficulty  in  achieving  low-resistance  p-type  ZnO.  Major  compensating  donors  for  N  acceptors  are  found  to  be 
different  at  low  and  high  N  doping  levels,  and  also  depend  on  the  type  of  N2  gas  source,  (r  2001  Elsevier  Science  B.V. 
All  rights  reserved. 
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Very  recently,  zinc  oxide  (ZnO)  has  attracted  much 
attention  because  of  its  wide  applications  for  various 
optoelectronic  devices.  This  material  has  a  direct  band 
gap  of  3.3  eV  and  a  large  exciton  binding  energy  of 
60  meV,  and  efficient  excitonic  UV  laser  actions  have 
been  demonstrated  at  room  temperature  [1].  In  addition, 
ZnO  has  been  shown  to  be  ferroelectric  or  anti  ferro¬ 
magnetic  by  doping  Li  or  Mn  impurities  [2,3].  For 
practical  applications  for  optoelectronic  devices  based 
on  p-n  junctions  such  as  laser  diodes,  both  n-  and  p-type 
ZnO  are  needed.  Undoped  ZnO  exhibits  intrinsic  n-type 
conductivity,  and  low-resistance  n-type  doping  with 
electron  concentrations  as  high  as  1021  cm"3  was 
achieved  [4],  However,  it  is  very  difficult  to  dope  p-type 
in  ZnO  like  other  wide  band-gap  semiconductors,  ZnSe 
and  GaN.  Although  N  is  considered  to  be  a  good 
shallow  p-type  dopant  among  group  IV  acceptors  [5],  p- 
type  doping  in  ZnO  have  been  failed  using  a  pure 
nitrogen  source,  while  acceptor  concentrations  as  high 
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as  10IS  cm"-'  have  been  obtained  for  ZnSe  using  an  N2 
plasma  source  [6].  Thus,  it  appears  that  N  acceptors  are 
more  strongly  compensated  in  ZnO,  compared  with 
ZnSe.  On  the  other  hand,  it  has  been  reported  that  ZnO 
can  be  p-type  by  codoping  N  with  H  or  Ga  impurities 
[7,8]. 

In  this  work,  we  investigate  the  electronic  structure 
of  various  defects  including  point  defects  and  N-related 
defect  complexes  in  ZnO  using  a  first-principles 
pseudo  potential  method  within  the  local-density- 
functional  approximation  (LDA).  To  find  major  com¬ 
pensating  species  for  N  acceptors,  we  calculate  the 
formation  energies  and  defect  concentrations  depend¬ 
ing  on  stoichiometry  and  N  gas  source.  For  a  normal  N2 
gas  as  a  doping  source,  N  acceptors  are  mainly 
compensated  by  O-vacancies  and  N-acceptor-Zn-anti- 
site  complexes.  When  an  active  N2  plasma  is  used,  the  N 
solubility  limit  is  increased.  However,  it  is  still  difficult  to 
achieve  high  hole  carrier  densities  due  to  the  compensa¬ 
tion  by  N2  molecules  at  O  sites  and  N0-(N2)0 
complexes. 

The  total  energies  of  native  and  N-related  defects  are 
calculated  using  the  first-principles  pseudopotential 
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method  within  LDA  [9].  The  details  of  our  calculation 
method  are  given  elsewhere  [10]. 

Since  atomic  N  has  five  valence  electrons,  it  acts  as  an 
acceptor  at  a  substitutional  O  site  in  ZnO.  To  find 
possible  donor  defects  which  compensate  for  N  accep¬ 
tors  in  ZnO,  we  first  examine  the  electronic  structure  of 
native  point  defects  such  as  vacancies  (Vo  and  VZn), 
interstitials  (Znj  and  Oj),  and  antisites  (Zn0  and  0Zn)- 
We  find  that  Z^  and  Zn0  behave  as  a  shallow  double 
donor,  because  their  single  particle  donor  levels  are 
mainly  composed  of  the  Zn-4s  orbitals,  which  derive  the 
conduction  band  minimum  (CBM)  state.  Other  calcula¬ 
tions  [11]  also  reported  that  Zn*  and  Zno  are  shallow 
donors,  and  experimentally,  Znj  was  shown  to  behave  as 
a  shallow  donor  [12].  The  single  particle  donor  level  of 
Vo  is  located  well  below  the  CBM  state,  corresponding 
to  the  Aj  state  of  the  Zn-4s  orbitals  in  the  neighborhood 
of  V0.  In  fact,  since  the  V0  donor  level  is  characterized 
by  the  hybridization  of  the  Zn-4s  and  0-2p  orbitals,  Vo 
is  likely  to  be  a  deep  donor  [10].  In  the  2+  charge  state  of 
Vo,  the  surrounding  Zn  atoms  are  relaxed  outward  by 
0.34-0.42  A  from  the  vacancy  site.  The  (2  +  /0)  transi¬ 
tion  level  of  Vo  is  found  to  lie  at  0.73  eV  below  the  CBM 
state,  indicating  that  V0  becomes  a  negative-U  defect. 
We  investigate  various  configurations  of  Oj,  and  find 
that  a  split-interstitial  configuration  gives  rise  to  a  donor 
level,  while  Oj  at  an  octahedral  site  behaves  as  an 
acceptor,  with  the  acceptor  level  lying  close  to  the 
valence  band  maximum  (VBM).  Since  Vzn  and  Ozn  are 
acceptors,  they  are  not  responsible  for  the  compensation 
of  N  acceptors.  Compared  with  the  measured  value  of 
3.3  eV,  the  calculated  LDA  band  gap  of  0.90  eV  is 
severely  underestimated,  similar  to  other  calculations 
[13,1 1],  which  treat  the  Zn-3d  electrons  as  valence  states. 
Since  the  underestimation  of  the  LDA  gap  may  cause 
errors  up  to  2.5  eV  in  the  formation  energies  of  donors, 
we  include  a  band  gap  correction  for  shallow  donors 
such  as  Znj  and  Zn0.  For  V0,  we  test  the  transition 
levels  lying  between  1.1  eV  above  the  VBM  and  the 
CBM,  and  find  that  main  compensating  species  for  N 
acceptors  remain  unchanged. 

Besides  the  native  donor  defects,  N-related  donor 
defects  play  an  important  role  in  the  compensation  for 
N  acceptors.  Low-energy  defect  complexes  between 
native  defects  and  N  acceptors  are  easily  formed  when 
the  densities  of  individual  defects  are  sufficiently  high. 
We  find  that  N0-Znj,  N0-Zn0,  N0-V0,  and  N0-0 j 
complexes  are  single  donors.  In  these  complexes,  No- 
Znj  and  No-Zno  have  large  binding  energies  of  1.06  and 
1.52  eV,  respectively,  while  the  binding  energies  of  No- 
Vo  and  N0-Oj  are  0.60  and  0.31  eV,  respectively.  Other 
important  N-related  donors  are  N2  molecules  at  O  sites 
[(N2)G]  and  N-acceptor-(N2)0  complexes  [N0-(N2)0]. 
For  the  (N2)0  complex,  the  N-N  bond  is  very  strong 
whereas  interactions  between  the  N  and  surrounding  Zn 
atoms  are  extremely  weak.  Thus,  two  valence  electrons 


Fig.  1 .  Defect  formation  energies  as  a  function  of  the  stoichio¬ 
metric  parameter  X  for  the  p-type  condition  (jie  =  0)  when  a 
normal  N2  gas  source  is  used. 

from  the  neighboring  Zn  atoms  are  almost  in  a 
nonbonding  state,  resulting  in  a  double  donor  state. 
Similarly,  an  (N2)Se  molecule  at  an  Se  site  in  ZnSe  is 
known  to  act  as  a  shallow  double  donor  [14]. 

We  investigate  the  dominant  compensating  species  for 
N  acceptors  under  growth  conditions  using  normal  and 
plasma  N2  gas  sources,  assuming  the  p-type  condition 
(fie  =  0).  The  stoichiometric  condition  of  ZnO  is 
represented  by  a  single  parameter  A,  lying  between  0 
and  1  under  extreme  Zn-  and  O-rich  conditions, 
respectively.  Among  the  native  donor  defects,  Vo  or 
Oj  has  the  lowest  formation  energy,  depending  on  the 
stoichiometric  condition.  The  formation  energy  of  Znj  is 
higher  by  0.26  eV  than  for  V0.  We  find  that  the  energy 
of  the  N0-Znj  complex  is  lower  than  those  for  No-Vo 
and  No-Oj,  independent  of  X.  However,  going  to  the 
extreme  Zn-rich  condition,  the  energy  of  No-Zn0 
becomes  lower  than  for  No-Zn;.  For  defects  purely 
composed  of  N  atoms,  N0-(N2)0  becomes  more  stable 
than  (N2)0,  as  the  N  chemical  potential  increases.  Fig.  1 
shows  the  formation  energies  of  the  N  acceptor  and 
several  important  compensating  donors  as  a  function  of 
X,  when  a  normal  N2  gas  source  is  used.  In  this  case,  /rN 
is  fixed  to  satisfy  the  extreme  N-rich  condition,  i.e.,  /iN  — 
jun,/2.  The  formation  energies  are  drawn  only  for  the 
lowest-energy  states,  i.e.,  the  1+  and  2+  charge  states 
for  single  and  double  donors,  respectively,  which  are 
expected  to  have  no  errors  despite  the  underestimation 
of  the  LDA  band  gap.  We  find  that  V0  has  the  lowest 
formation  energy  for  stoichiometric  conditions  of 
A  <0.8,  while  Oj  is  stabilized  for  A  above  0.8.  Since  the 
maximum  amount  [N]  of  incorporated  N  impurities  is 
below  10 10  cm-3  for  A  >  0.62  (see  Fig.  2),  Oj  is  not  an 
important  compensating  donor  when  practical  N  doping 
levels  are  considered.  For  all  the  stoichiometric 
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Fig.  2.  Maximum  N  solubilities  arc  plotted  as  a  function  of  /. 
for  normal  and  plasma  N2  gas  sources. 


conditions,  the  formation  energy  of  the  N  acceptor 
is  always  higher  by  2.53-3.99  eV  than  that  of  the  lowest- 
energy  donor,  which  explains  the  difficulty  in  achieving 
low-resistance  p-type  ZnO.  The  (N2)o  is  higher 
by  0.34  eV  than  for  Vq.  Under  the  extreme  Zn- 
rich  condition,  the  formation  energies  of  No-Zn0  and 
No~Zn,  are  higher  by  0.02  eV  and  0.62  eV,  respectively, 
than  for  V0.  However,  as  increases,  N0-Zno  and 
N0-Zn  j  become  energetically  more  stable  than  V().  For 
example,  for  =  1.0  eV,  the  formation  energies  of  N(>- 
Zn0  and  N0-Zn,  are  lower  by  0.98  and  0.38  eV, 
respectively,  than  for  V0.  When  we  vary  //4„  which  is 
in  fact  determined  by  the  charge  neutrality  condition 
[10],  we  find  that  the  major  compensating  donor  is  V0  at 
low  N  doping  levels,  while  it  is  the  N0-Zn0  complex  at 
high  doping  levels. 

When  an  active  N2  source  is  used,  the  N  solubility 
increases  greatly  under  O-rich  conditions,  as  shown  in 
Fig.  2,  where  native  point  defects  and  N-acceptor- 
native-defect  complexes  are  rarely  formed.  Then, 
the  p-type  doping  efficiency  is  expected  to  increase. 
Under  the  O-rich  condition  of  /.  =  0.6,  the  maximum 
N  concentration  is  found  to  increase  from  I011  to 
7  x  10IS  cm"3.  To  simulate  theoretically  the  active  N2 
source,  we  choose  which  is  higher  by  about  1.5  eV 
than  that  for  N2  molecules  (/<N,/2).  This  N  chemical 
potential  is  determined  by  assuming  that  equal  amounts 
of  N2  molecules  are  in  the  ground  and  excited  states; 
the  energy  of  an  excited  N2  molecule  in  the  3  2^  state 
is  higher  by  3.09  eV  per  N  atom,  as  compared  to 
the  ground  state  ('£*).  In  this  case,  as  shown  in  Fig.  3, 
(N2)0  or  N0-(N2)0  has  the  lowest  formation 
energy,  depending  on  For  all  the  stoichiometric 
conditions,  the  formation  energies  of  the  N  acceptor  is 
higher  by  3.74-4.15  eV  than  for  the  major  compensating 
donor.  Thus,  N  acceptors  are  still  compensated  sig¬ 


Fig.  3.  Defect  formation  energies  as  a  function  of  /  for  the 
p-type  condition  (/i4,  =  0)  when  a  plasma  N2  gas  source  is 
used. 


nificantly,  although  the  N  solubility  is  increased  using  an 
active  N2  source.  This  result  indicates  that  it  is  unlikely 
to  enhance  the  p-type  doping  efficiency  even  if  an  active 
N2  source  is  used.  This  feature  also  explains  the  failure 
of  obtaining  low-resistance  p-type  ZnO  with  a  plasma 
N2  source  [15]. 

In  conclusion,  we  find  a  mechanism  for  the  compen¬ 
sation  of  N  acceptors  in  ZnO,  based  on  the  first- 
principles  pseudopotential  calculations.  When  a  normal 
N:  gas  source  is  used,  N  acceptors  are  mainly 
compensated  by  O  vacancies  at  low  N  doping  levels, 
while  main  compensating  donors  are  defect  complexes 
of  N  acceptors  and  native  donors  at  high  doping  levels. 
An  active  plasma  N2  source  increases  the  N  solubility, 
however,  the  doping  efficiency  is  found  to  be  still  low 
because  of  the  compensation  effect  by  N2  molecules  at  O 
sites  and  No-(N2)0  complexes. 
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Abstract 

We  use  In  species  as  reactive  codopants  for  N  acceptors  to  realize  p-type  ZnS.  We  find  a  change  in  the  impurity  states 
of  N  acceptors  between  ZnS.  N  and  ZnS:(2N,  In),  based  on  the  calculated  results  using  ab  initio  electronic  band 
structure  calculations:  while  we  find  highly  localized  states  of  N  acceptors  for  ZnS:N,  we  verify  delocalized  states  for 
ZnS:(2N,  In),  t  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  this  paper,  a  materials  design  using  a  triple¬ 
codoping  method  for  the  fabrication  of  low-resistivity 
p-type  zinc  sulfide  (ZnS)  with  blue-Ag  emission  is 
proposed  in  order  to  realize  highly  efficient  blue-light- 
emitting  diodes  (LED)  and  blue  injection-laser  diodes 
(LD).  ZnS  has  a  large  band  gap  of  3.68  eV  at  room 
temperature.  Ag  impurities,  which  are  Zn-substituting 
species,  are  well  known  to  be  the  blue-Ag  center  (usually 
called  activator)  [1,2].  In  order  to  realize  the  blue 
emission  of  approximately  440  nm  (2.81  eV),  it  is 
necessary  to  introduce  donors  as  coactivators  into  ZnS 
films.  Conductivity  control  is  a  necessary  prerequisite 
for  device  applications:  ZnS  must  be  doped  with 
acceptors  in  order  to  realize  p-type  ZnS  films.  To  date, 
we  have  reported  on  p-type  ZnS  doped  with  N  acceptors 
(ZnS:N)  [3.4]  and  the  triple-codoped  p-type  ZnS:(Ag, 
In,  and  N)  [5].  Vapor-phase  epitaxial  (VPE)  ZnS:(Ag. 
In,  and  N)  layers  were  grown  on  semi-insulating  (SI) 
GaAs(lOO)  substrates  with  hydrogen  carrier  gas  flow. 
The  source  material  was  a  luminescent-grade  unacti¬ 
vated  ZnS  powder  [5].  Based  on  photoluminescence 


spectra,  an  emission  at  436  nm  was  found  to  be 
dominant  for  the  ZnS:(Ag.  In  and  N)  layer  and  it 
shifted  to  a  shorter  wavelength  with  increasing  excita¬ 
tion  intensity;  this  is  the  characteristic  feature  of  donor- 
acceptor  pair-type  recombinations  [5].  Hall-efTect  mea¬ 
surements  at  room  temperature  revealed  free  hole 
concentration  and  mobility  values  of  (0.56- 
1.4)xlOncm'3  and  1 1-25 cm2 V  ’s'"1,  respectively, 
for  ZnS :  (Ag,  In  and  N)  [5].  Moreover,  the  hole 
concentrations  of  the  triple-codoped  layers  did  not  show 
temperature  dependence,  indicating  that  the  impurity 
bands  are  formatted  [5]. 

Svob  et  al.  have  reported  p-type  ZnS:N  with  hole 
concentrations  up  to  10lscm  *  [6].  They  found  that  the 
energy  levels  of  the  N  acceptors  are  slightly  deep,  about 
0.19eV  above  the  valence  band  [6].  Sufficiently,  high  free 
hole  concentrations  at  room  temperature  should  be  realized 
by  the  codoping  method  previously  proposed  by  us  [7-9]. 

The  purpose  of  this  study  is  to  investigate  the  effects 
of  In  codopants  on  the  N  states  of  ZnS  codoped  with  N 
and  In  species  based  on  ab  initio  electronic  band 
structure  calculations. 
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local  density  approximation  (LDA)  treatment  of  elec¬ 
tronic  exchange  and  correlation  [10-12]  and  on  the 
augmented  spherical  wave  (ASW)  formalism  for  the 
solution  of  effective  single-particle  equations  [13].  For 
these  calculations,  the  atomic  sphere  approximation 
(ASA)  with  a  correction  term  was  adopted.  For 
undoped  ZnS  crystals,  the  Brillouin  zone  integration 
was  carried  out  for  84-k  points  in  an  irreducible  wedge 
and  for  24-k  points  for  doped  and  codoped  ZnS  crystals. 
For  valence  electrons,  we  employed  the  outermost  s,  p 
and  d  orbitals  of  Zn  and  S  atoms  and  the  outermost  s 
and  p  orbitals  of  In  and  N  atoms.  The  Madelung  energy, 
which  reflects  the  long-range  electrostatic  interaction 
within  the  system,  was  assumed  to  be  restricted  to  the 
sum  over  monopoles. 

We  studied  the  crystal  structures  of  doped  and 
codoped  ZnS  under  periodic  boundary  conditions  by 
generating  supercells  having  64  atoms  that  contain  the 
object  of  interest:  (1)  for  ZnS :  N,  we  replaced  one  of  the 
32  sites  of  S  atoms  with  an  N  site;  (2)  for  ZnS :  In,  we 
replaced  one  of  the  32  sites  of  Zn  atoms  with  an  In  site; 
(3)  for  ZnS  codoped  with  N  and  In  (ZnS :  (N,  In)),  we 
replaced  one  of  the  32  sites  of  S  atoms  with  a  N  site  and 
one  of  the  32  sites  of  Zn  atoms  with  an  In  site.  First,  we 
calculated  the  total  energy  for  all  cases  to  be  considered 
for  ZnS :  (N,  In).  Second,  we  determined  the  crystal 
structure  of  the  material  under  the  condition  that  the 
total  energy  is  minimized.  The  total  energy  calculations 
show  that  the  formation  of  a  N-In  pair  which  occupies 
nearest-neighbor  sites  in  the  crystal  is  energetically 
favorable.  Finally,  to  determine  the  crystal  structure  of 
ZnS  :  (2N,  In),  we  replaced  one  of  the  remaining  31  sites 
of  S  with  another  N  site  for  ZnS :  (N,  In),  as  mentioned 
above.  Under  the  same  total  energy  condition  as  that  of 
ZnS :  (N,  In),  we  determined  the  crystal  structure  for 
ZnS  :  (2N,  In).  We  find  that  the  formation  of  the  cluster, 
N-In-N,  which  occupies  nearest-neighbor  sites,  is 
energetically  favorable  based  on  the  total  energy 
calculations.  The  difference  in  the  total  energy  between 
the  crystal  structure  having  the  lowest  total  energy  and 
the  one  having  the  second-lowest  total  energy,  such  as 
the  In-N  pair  and  another  N  which  occupy  the  second- 
nearest-neighbor  sites  from  the  In  sites,  is  832  meV.  In 
this  treatment,  we  ignore  the  effects  of  relaxation  due  to 
the  dopants. 


3.  Results  and  discussion 

We  show  the  total  density  of  states  (DOS)  for 
undoped  ZnS  crystals  as  a  standard  reference,  for 
ZnS  :  N,  and  for  ZnS :  (In,  2N),  in  Fig.  1.  The  S  3s  states 
are  included  in  the  calculation  as  valence  states,  but 
those  which  are  located  between  -12.04  and  -13.31  eV 
are  omitted  in  the  Fig.  1.  Energy  is  measured  relative  to 
the  Fermi  level  (£p)-  For  undoped  ZnS,  zero  energy 
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Fig.  1.  Total  DOS  for  (a)  undoped,  (b)  N-doped  and 
(c)  (2N,  In)-codoped  ZnS.  Energy  is  shown  relative  to  the 
Fermi  level  ( EF ). 
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indicates  the  top  of  the  valence  band.  The  calculated 
band  gap  of  undoped  ZnS  is  2.08  eV.  In  general,  the 
band-gap  values  calculated  based  on  the  LDA  are  less 
than  the  values  obtained  by  optical  experiments. 
Inaccuracy  in  determining  the  optical  band  gap  has 
little  influence  on  the  present  discussion. 

Fig.  1(a)  shows  two  groups  in  the  valence  band.  The 
first  group  includes  bands  from  —7.01  to  — 6.16eV  with 
strong  d  characteristics  originating  mostly  from  d  states 
at  Zn  sites;  the  second  group,  located  in  the  upper 
valence  band  above  approximately  —5.61  eV,  mainly 
originates  from  the  S  3p  states.  The  letter  A  at  —4.97  eV 
refers  to  a  strong  interaction  between  S  p  states  and  Zn 
s  states.  From  approximately  -3.5  eV  to  the  top  of  the 
valence  band,  S  p  states  mainly  contribute  to  the  DOS. 
The  lowest  conduction  bands,  antibonding  states  of  the 
interaction  stated  above,  have  a  strong  Zn  4s  contribu¬ 
tion;  there  are  charge  transfers  from  Zn  4s  to  S  3s  and  3p 
due  to  the  mixing  between  the  s  and  p  states  at  S  sites 
and  the  s  states  at  Zn  sites.  As  a  result,  the  s  and  p  states 
of  the  surrounding  Zn  shift  the  center  of  gravity  of  the 
local  DOS  at  the  S  sites  towards  the  lower  energy  region. 
In  the  following,  we  discuss  the  stability  of  the  ionic 
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charge  distributions  in  ZnS  doped  with  acceptors  or 
donors  in  terms  of  the  change  of  electrostatic  energy,  the 
Madelung  energy. 

Fig.  1(b)  shows  that  a  hole  is  generated  at  the  top  of 
the  valence  band.  The  arrow  in  Fig.  1(b)  at  -0.1  eV 
refers  to  a  sharp  DOS  peak  induced  by  N  doping.  The 
peak  originates  in  a  very  localized  N-impurity  state  of 
which  the  center  of  gravity  of  the  DOS  at  N  sites  shifts 
to  a  higher  energy  region  due  to  the  strong  repulsive 
potential.  This  indicates  that  N  doping  generates  a 
slightly  deeper  acceptor  level  above  the  valence  band, 
which  explains  the  experimental  data  well  [6].  It  is 
necessary  that  the  N-impurity  state  change  to  a 
delocalized  state  for  the  realization  of  low-resistivity 
p-type  ZnS. 

For  ZnS:  (In.  2N).  no  sharp  DOS  peak  is  observed,  as 
shown  in  Fig.  1(c).  The  arrow  at  -3.67 eV  indicates  a 
DOS  peak  resulting  from  the  interaction  between  p 
states  at  S  sites  close  to  the  In  site  and  s  states  at  the  Zn 
site  which  occupies  the  nearest-neighbor  site  from  the  S 
sites  and  second-nearest-neighbor  sites  from  the  In 
atoms.  We  predict  an  increase  in  DOS  around  the 
corresponding  energy  regions  for  ZnS:(2N,  In) 
compared  with  undoped  and  only  N-doped  ZnS, 
which  can  be  verified  by  X-ray  photoemission  spectro¬ 
scopy  (XPS). 

Next,  we  show  the  DOSs  at  N  sites  for  ZnS :  N  in 
Fig.  2(a)  and  for  ZnS:(2N,  In)  in  Fig.  2(b)  in  order  to 
illustrate  what  happens  to  the  electronic  structures,  i.e., 
N-impurity  states,  near  the  top  of  the  valence  band  upon 
In-codoping.  They  show  that  the  impurity  states  at  N 
sites  change  markedly  from  localized  states,  as  presented 
in  Fig.  2(a)  for  only  N-doped  ZnS.  to  delocalized  states, 
as  presented  in  Fig.  2(b)  for  p-type  codoped  ZnS.  Based 
on  the  analysis  of  the  DOS  at  the  Ey  for  ZnS :  N,  we 
determined  that  the  ratio  of  the  partial  DOS  of  p-states 
at  the  N  sites  to  the  total  DOS  at  the  Ey  is  22%.  The 
other  DOS  at  the  Ey  is  the  sum  of  those  at  the  S  sites  in 
the  vicinity  of  the  N  sites.  This  indicates  a  small  radius 
of  the  N-acceptor  orbital.  In  other  words,  the  Bohr 
radius  of  the  N  acceptors  is  very  small,  resulting  in  the 
high  ionization  energies  due  to  the  heavy  effective  mass 
of  holes.  In  addition,  the  Madelung  energy  increased  by 
1  •  1 9  eV  compared  to  undoped  ZnS.  We  propose  the 
following  codoping  method  [7-9]:  a  deliberate  codoping 
of  the  donors  is  essential  for  the  delocalization  of  the 
impurity  states  at  the  acceptors  and  the  stabilization  of 
the  ionic  charge  distributions  in  p-type  highly  doped 
semiconductors.  The  donor  is  not  the  p-type  killer  but  a 
good  by-player  that  activates  acceptors,  i.e.,  the  reactive 
codopant. 

From  the  calculations  of  the  DOS  at  the  Ey,  we 
determined  that  the  ratio  of  the  sum  of  partial  DOSs  of 
p-states  at  the  two  N  sites  to  the  total  DOS  at  the  Ey  is 
9.2%;  note  that  the  partial  DOSs  not  only  at  the  S  sites 
in  the  vicinity  of  the  N  sites  but  also  at  the  more  distant 


Energy  (eV) 

Fig.  2.  Decomposed  DOS  at  the  N  sites  for  (a)  ZnS  doped  with 
N  only  and  (b)  ZnS  codopcd  with  In  and  2N  species,  p  states  at 
the  N  sites  arc  presented. 


S  sites  contribute  to  the  total  DOS  at  the  Ey  for 
ZnS:(2N,  In).  The  simultaneous  codoping  of  In  as  the 
reactive  codopant  and  N  as  the  acceptor  into  ZnS  causes 
a  large  radius  of  the  N-acceptor  orbital,  resulting  in  the 
low  effective  mass  of  the  hole,  which  is  a  consequence  of 
the  broadened  impurity  band.  Considering  the  acceptor 
ionization  energy  given  by  hydrogenic  calculations 
based  on  the  Bohr  theory,  it  is  reasonable  to  predict 
that  the  N-acceptor  ionization  energy  will  decrease  very 
well.  This  explains  experimental  data  for  the  Hall 
measurement  of  ZnS:(Ag,  In,  and  N)  [5]. 

There  remains  one  further  factor  concerning  the 
effects  of  the  In-codoping  on  ZnS :  N  that  we  need  to 
consider.  The  Madelung  energy  of  ZnS:(2N,  In) 
decreased  significantly  by  30 eV  compared  with  that 
for  ZnS :  N,  which  is  due  to  a  large  charge  transfer  from 
In  to  N  atoms.  This  decrease  causes  stabilization  of  the 
ionic  charge  distributions  of  the  codoped  materials 
according  to  the  ionic  picture.  We  verified  the  same 
effects  of  the  codoping  on  the  N-acceptor  states  for 
ZnS:(2N,  Ga)  as  those  discussed  above  for  ZnS:(2N, 
In).  Taking  into  consideration  that  the  ZnS  under 
investigation  does  not  have  a  wurtzite  structure, 
which  is  favored  by  more  ionic  compounds,  but  a 
zincblende  structure,  the  optimum  amount  of  In  or  Ga 
to  be  codoped  must  be  determined  by  further  experi¬ 
ments. 
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4.  Conclusion 

Simultaneous  codoping  using  N  as  the  acceptor  and 
In  as  the  reactive  donor  is  very  effective  for  the 
fabrication  of  low-resistivity  p-type  ZnS.  The  main  role 
of  In  is  to  delocalize  the  N-impurity  state  by  improving 
the  incorporation  of  N  species  into  ZnS.  We  propose  a 
model  for  ZnS  :  (Ag,  In,  and  N)  in  which  some  of  the  In 
species  act  as  coactivators  with  Ag  activators  and  other 
In  species  act  as  reactive  codopants  with  N  acceptors. 
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Abstract 

The  assignment  of  muon  spin  rotation  spectra  to  muonium  counterparts  of  hydrogen  shallow-donor  states  is 
reviewed  in  four  II-VI  widegap  semiconductors,  CdS.  CdSe,  CdTe  and  ZnO.  The  existence  of  extended  electronic 
orbitals  is  argued  from  the  muon-electron  hyperfine  parameters  and  supported  by  the  new  muon  spin  repolarization 
data  for  CdS  and  ZnO.  characterizing  the  superhyperfine  parameters  on  the  sparse  Cd  and  Zn  dipolar  nuclei.  The 
possibility  of  a  more  tightly  bound  electron  occupying  a  compact  orbital  is  reasonably  excluded  in  these  materials, 
contrasting  with  the  muonium  state  in  HgO.  (c.  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71.55.Gs:  78.75.  +  i;  76.70. -r:  76.20. +  q 

Keywords:  Hydrogen:  Muonium:  Shallow  donors:  ZnO:  CdS 


Muonium.  the  light  pseudo-isotope  of  hydrogen.  rotation  (pSR)  spectra  in  the  Paschen-Back  regime,  i.e. 

provides  an  experimentally  accessible  model  for  inter-  in  a  magnetic  field  (applied  transverse  to  the  initial 

stitial  hydrogen  in  the  II-VI  compounds,  as  in  other  muon  polarization)  sufficient  to  decouple  the  muon  and 

semiconductors.  In  these  experiments,  positive  muons  electron  spins.  The  temperature  dependences  of  the  pSR 

are  implanted  in  the  materials,  where  they  are  expected  signals  are  also  suggestive  of  ionization  or  dissociation 

to  adopt  the  same  crystallographic  sites  as  protons.  In  of  shallow-donor  states:  the  activation  energies  deduced 

the  Cd  chalcogenides.  and  in  ZnO,  the  implanted  muons  from  the  detailed  temperature  dependences  of  the  sianal 

bind  electrons  wreakly  into  a  muonium  state  which  has  amplitudes  are  fully  consistent  with  estimates  of  these 

all  the  characteristics  of  a  hydrogenic  shallow  donor  quantities  in  the  effective-mass  model. 

[1-3].  The  ZnO  result  is  especially  significant  in  that  it  Despite  the  overall  consistency  of  this  picture,  the 

confirms  the  theoretical  prediction  for  protium  [4].  shallow-donor  interpretation  should  be  distinguished 

Parameters  characterizing  the  defect  centres  are  given  from  a  possible  alternative  model  in  which  the  electron 

in  Table  1.  The  muon-electron  hyperfine  parameters  in  wave  function  is  more  compact,  but  in  which  the  spin 

these  materials  are  exceedingly  low,  suggestive  of  an  density  on  the  proton  or  muon  is  small  due  to  some 

extended  electron  w'ave  function.  They  were  measured  symmetry  of  the  singly  occupied  orbital  or  special 

directly  from  the  frequency  splittings  of  the  muon  spin  feature  of  the  local  bonding.  Such  a  molecular-radical 

_  species  would  be  tightly  bound  and  unlikely  to  dissociate 

♦Corresponding  author.  Fax:  +44-1235-445477.  at  cryogenic  temperatures,  but  the  disappearance  of  its 

092 1  -4526/0 1/S- see  front  matter  r  2001  Elsevier  Science  B.V.  All  riehts  reserved. 
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Table  1 

Experimental  hyperfine  parameters  and  donor-level  depths  for  the  four  shallow  muonium  states  so  far  identified'1 


A, 

A 

Ti 

FexP 

Ftheo 

(kHz) 

(kHz) 

(K) 

(meV) 

(meV) 

CdS 

244+5 

91+6 

22+2 

26+6 

33 

CdSe 

87  +  4 

<40 

12+2 

20+4 

19 

CdTe 

261+4 

<50 

13+2 

16+4 

11 

ZnO 

500  +  20 

260  +  20 

38+2 

58  +  6 

52 

aThe  slightly  anisotropic  hyperfine  interactions  are  expressed  as  isotropic  (contact)  and  traceless  (dipolar)  components.  The  contact 
terms  A M  are  four  orders  of  magnitude  smaller  than  the  free-muonium  hyperfine  constant,  which  is  isotropic  and  equal  to  4.5  GHz. 
Donor  depths  are  derived  assuming  equilibrium  statistics;  if  the  process  involved  is,  in  fact,  direct  ionization  to  the  conduction  band, 
the  corresponding  activation  energies  are  about  half  these  values.  Shown  for  comparison  are  the  shallow-donor  depths  calculated  in 
the  simple  effective-mass  model. 


hyperfine  signature  might  be  attributed  to  spin- 
exchange  depolarization,  when  extrinsic  carriers  are 
released  by  the  ionization  of  other  defects  or  impurities. 

In  this  paper  we  present  new  information  on  the  local 
electronic  structure  of  the  muonium  states  in  ZnO  and 
CdS,  namely  estimates  of  the  transferred  hyperfine 
interactions  on  surrounding  nuclei.  We  refer  to  these 
as  superhyperfine  interactions,  reserving  the  term 
hyperfine  for  the  central  muon,  and  probe  them  in  these 
experiments  by  examining  the  muon  response  in  low 
longitudinal  fields,  i.e.  in  magnetic  fields  applied  parallel 
to  the  initial  muon  polarization.  Host  nuclei  carrying  a 
dipole  moment  are  sparse  in  these  materials  but  a 
measurement  of  how  electron  spin  density  is  distributed 
over  them  would,  in  principle,  allow  a  mapping  of  the 
wavefunction.  In  CdS,  the  relevant  isotopes  are  11 ’Cd 
and  113Cd,  both  with  spin  \  and  a  combined  natural 
abundance  of  25%.  At  below  1%  abundance,  33S  can 
reasonably  be  neglected  even  though  the  muon  may 
bond  or  antibond  to  S  atoms.  In  ZnO,  67 Zn  has  spin  | 
and  4.1%  abundance;  no  feature  is  likely  to  be 
observable  in  pSR  spectra  from  l70  in  natural 
abundance  although  a  study  of  samples  enriched  in  this 
isotope  would  be  worthwhile. 

In  Fig.  1,  we  show  examples  of  the  expectations  of 
longitudinal-field  measurements.  The  simulated  quantity 
is  muon  polarization  averaged  over  certain  time 
windows  and  the  field  dependences  are  variously  known 
as  repolarization,  decoupling  or  quenching  curves. 
Fig.  1(a)  is  for  ZnO  and  includes  a  simulation  for 
muon-electron  coupling  alone  (using  the  parameters  of 
Table  1  from  the  transverse-field  experiments).  In  this 
particular  case,  i.e.  in  the  absence  of  nuclear  super¬ 
hyperfine  couplings,  it  may  be  seen  that  the  contact 
interaction  is  rapidly  decoupled,  in  fields  of  order 
A^(2n/yQ)  =  0.02  mT,  and  that  the  main  feature  is  a 
level  crossing  resonance  at  a  field  close  to  A^in/y^  = 
1.8  mT.  The  resonance  occurs  where  the  applied  field 
“tunes  out”  the  parallel  hyperfine  field,  leaving  the 
muon  spin  precessing  around  transverse  components:  an 


Fig.  1.  Simulated  muon  spin  repolarization  curves  for  (a)  ZnO 
and  (b)  CdS.  The  solid  lines  are  in  each  case  for  the  two-spin 
system  of  muon  and  electron  only,  using  the  hyperfine 
parameters  as  determined  experimentally  (Table  1).  The  broken 
lines  are  simulations  including  couplings  to  a  third  spin — 67Zn 
in  (a)  and  1 11  Cd  in  (b) — for  various  combinations  of  contact 
(A)  and  dipolar  (D)  superhyperfine  couplings.  The  evolution  of 
polarization  is  averaged  over  the  time  interval  0.8-8  ps  in  (a) 
and  8-16  ps  in  (b)  for  comparison  with  the  experimental  data  of 
Fig.  2,  where  the  level-crossing  resonance  is  more  prominent  in 
the  later  time  window.  The  inset  to  (b)  shows  an  approximately 
y/N  dependence  when  more  than  one  nuclear  spin  with 
identical  coupling  parameters  are  included. 

oscillatory  signal  at  the  dipolar  frequency  is  indeed 
visible  in  the  time-domain  signal  at  this  field,  confirming 
the  parameters.  Addition  of  superhyperfine  interaction 
with,  to  begin  with,  a  single  67 Zn  nucleus,  modifies  both 
the  strength  of  the  resonance  and  the  form  the  initial 
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repolarization.  Simulations  are  shown  for  CdS  in 
Fig.  1(b)  and  (c),  where  the  corresponding  level-crossing 
resonance  falls  around  0.9  mT.  Varying  the  parameters 
independently,  the  strength  of  the  resonance  is  found  to 
be  most  sensitive  to  the  nuclear  contact  interaction,  up 
to  a  certain  value  beyond  which  there  is  no  further 
suppression  (roughly  100  MHz  for  CdS);  the  initial 
repolarization,  on  the  other  hand,  is  sensitive  to  both  the 
dipolar  component  of  nuclear  coupling  and  to  the 
number  N  of  coupled  nuclei,  the  decoupling  field 
varying  roughly  as  \J~N. 

Experimental  repolarization  curves  for  comparison 
with  these  simulations  are  shown  in  Fig.  2.  Here 
polarization  is  measured  as  usual  via  the  muon  decay 
asymmetry  (a  summary  account  is  given  in  an  accom¬ 
panying  paper  [5]:  these  signals  were  recorded  using  the 
pSR  instrument  at  ISIS.  Data  for  two  different  time 
windows  are  shown,  indicating  that  the  cross  relaxation 
occurs  on  the  timescale  of  several  microseconds  and  that 
the  hyperfine  level-crossing  resonance  is  more  or  less 
obscured  by  superhyperfine  decoupling  according  to  the 
time  window  and  the  relative  strengths  of  the  interac¬ 
tions  in  the  two  materials.  Cross  relaxation  to  the  host 
nuclei  is  certainly  mediated  by  the  paramagnetic 


Fig.  2.  Muon  spin  repolarization  data  for  (a)  ZnO  and  (b)  CdS. 
for  the  temperatures  and  time  windows  indicated.  The  time 
evolution  of  muon  polarization  or  relaxation  function  in 
response  to  Zeeman,  hyperfine  and  superhyperfine  interactions, 
is  averaged  over  these  time  windows  and  expressed  as  muon 
decay  asymmetry.  According  to  the  relative  strengths  of 
the  various  parameters,  the  level-crossing  resonance  due  to 
the  muon  hyperfine  interactions  alone  is  more  prominent  in  the 
early  or  late  windows. 


electron,  since  measurements  above  the  ionization 
temperature  show  close  to  maximum  asymmetry 
throughout  this  field  range.  (That  is,  cross-relaxation 
due  to  purely  nuclear-dipolar  couplings  in  the  diamag¬ 
netic  or  dissociated  state  is  weak.)  Below  the  ionization 
temperature  it  is  apparent  that  the  initial  repolarization 
is  more  gradual  than  can  be  accounted  for  by  the  muon 
hyperfine  parameters  alone  and  that  the  form  and 
strength  of  the  level-crossing  resonances,  though  visible, 
are  greatly  modified.  The  following  conclusions  can  be 
drawn. 

From  the  muon  dipolar  parameters  Z)M  in  Table  1,  we 
can  state  that  major  spin  density  (1  Bohr  magneton) 
must  either  be  localized  at  a  distance  greater  than  1 .5  nm 
from  the  muon  in  ZnO  (and  at  even  larger  distances  in 
the  other  materials)  or  else  it  must  be  distributed  so  that 
the  dipolar  term  almost  vanishes  by  symmetry.  This 
already  argues  against  a  compact  molecular  radical 
comparable  with  bond-centred  hydrogen  or  muonium 
in  Si  or  GaAs,  for  which  the  (muonium)  dipolar 
parameters  are  51  and  86  MHz,  respectively  [6].  Such  a 
compact  state  may  well  be  formed  in  HgO,  for  which 
the  hyperfine  and  ionization  parameters  are  all  quite 
large  =  15  MHz,  =  5  MHz,  7]  =  150  K,  £^p  - 
300  meV  [7,8])  but  we  can  reasonably  exclude  it  for  the 
materials  of  Table  1.  For  ZnO  and  CdS  we  can  also  state 
that  all  the  muons  which  form  paramagnetic  centres  are 
subject  to  the  same  superhyperfine  interactions:  there 
are  not  different  components  to  the  pSR  signals 
according  to  the  isotopic  abundance  of  near  neighbours. 

Pending  simulations  for  a  large  number  of  coupled 
nuclei,  with  a  distribution  of  coupling  strengths,  the 
following  estimate  of  characteristic  superhyperfine 
parameters  may  be  made.  We  treat  the  electron  spin 
density  as  distributed  equally  over  N  cations  (spin 
density  on  the  muon  itself  being  so  small).  If  the  free- 
atom  coupling  for  the  cation  in  question  is  Aq  in 
frequency  units  and  the  isotopic  abundance  of  the 
dipolar  nuclei  is  c,  there  are  cN  interactions  to  be 
decoupled,  each  of  A{)/N.  The  characteristic  contact 
interaction  to  be  decoupled  may  therefore  be  estimated 
as  \fcN{A{)/N)  =  \fcJ~N A{),  and  likewise  for  the  dipolar 
parameter.  We  use  the  values  of  the  atomic  couplings 
given  by  Moreton  and  Preston  [9]:  A()  =  2087  MHz  for 
4s(67Zn),  13650  MHz  for  5s(mCd).  (The  value  for  mCd 
is  not  given  by  these  authors,  so  we  take  it  equal  to  that 
for  mCd;  dipolar  parameters  corresponding  to  occupa¬ 
tion  of  the  atomic  p  orbitals  are  not  given  for  these 
elements.)  Setting  N  equal  to  the  number  of  cations 
contained  within  the  effective  Bohr  radius  of  a  hydro- 
genic  shallow  donor,  we  obtain  parameters  as  in  Table  2. 

These  values  of  Ao^c/N,  the  effective  contact  super¬ 
hyperfine  interactions  to  be  decoupled,  are  not  incon¬ 
sistent  with  the  repolarization  curves  of  Fig.  2  if  the 
accompanying  dipolar  parameters  are  about  5  MHz  in 
ZnO  and  10 MHz  in  CdS.  The  present  model  of 
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Table  2 

Decoupling  parameters  as  described  in  the  texta 


Ao 

c 

a* 

N 

cN 

Ao/N 

Aa^/N 

(MHz) 

(nm) 

(MHz) 

(MHz) 

ZnO 

2087 

0.041 

1.7 

2000 

80 

1 

10 

CdS 

13650 

0.25 

3.4 

3000 

750 

5 

100 

a  a*  is  the  effective  Bohr  radius  of  hydrogenic  shallow  donors  in  these  materials,  calculated  from  electron  effective  mass  and  dielectric 
constant. 


equivalent  nuclear  couplings  is  crude  and  these  values 
may  only  indicate  orders  of  magnitude.  A  more 
sophisticated  treatment  of  the  shallow-donor  model 
would  evidently  involve  simulating  the  muon  response 
to  a  distribution  of  superhyperfine  interactions.  With 
individual  couplings  varying  with  radius  according  to  a 
hydrogenic  spin-density  function  p(r)  =  p0exp(— 2r/a*), 
the  expected  distribution  has  the  form  P(p)oc(\n  p)2 /p 
(with  limits  0 <p<p0).  Our  estimates  of  the  typical 
couplings  do  suggest,  however,  that  resonant  cross¬ 
relaxation  with  the  nearer  nuclei  (at  fields  given 
approximately  by  -  An)(n/(ymu  -  yn))  [10])  may  be 
accessible— the  low  isotopic  abundance  making  these 
resolvable,  if  weak.  Pending  this  more  sophisticated 
treatment,  and  a  search  for  these  resonances,  we  can  at 
least  reasonably  exclude  a  tightly  bound  and  compact 
electronic  orbital  interacting  with  a  small  number  of 
cation  nuclei.  The  present  data  are  more  compatible 
with  an  extended  electronic  orbital. 
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Abstract 

Positron  lifetime  spectroscopy  has  been  employed  to  explore  grown-in  defects  in  Cd|  vZnvTe  (CZT)  as  a  function  of 
increasing  Zn  content.  We  find  that  with  the  increase  of  Zn  content,  both  the  average  positron  lifetime  tAvb,  and  the 
lifetime  in  the  bulk  rBu|k,  change  smoothly  from  values  typical  for  CdTe  to  those  for  ZnTe.  In  all  samples,  a  defect- 
related  lifetime  component.  td  could  be  resolved  with  values  decreasing  from  347  ps  in  CdTe  to  333  ps  in  ZnTe.  This 
lifetime  component  is  attributed  to  neutral  Na((UZnrVTtf  complexes  in  concentrations  of  around  10lficm“\  with  a 
transition  energy  level  below  0.19eV  above  the  valence  band.  It  is  established  that  these  complexes  are  not  connected  to 
the  p-type  conductivity  and  their  general  characteristics  are  independent  of  the  Zn  content.  This  picture  holds  for 
stoichiometrically  grown  CZT  and  is  independent  of  the  growth  method,  whereas  growth  under  Cd-rich  conditions 
introduces  a  neutral  impurity-VTc  complex  with  higher  concentrations  as  compared  to  growth  from  stoichiometric 
conditions,  (r  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Cadmium  zinc  telluride;  Defects:  Positron  annihilation  spectroscopy 


1.  Introduction  and  experimental  details 

Certain  characteristics  of  Cd,  vZnvTe  (CZT)  make 
this  material  an  attractive  choice  for  a  variety  of 
applications  that  stretch  from  X-,  and  y-ray  detectors 
to  optoelectronic  devices.  Pre-existing  native  defects, 
however,  appear  to  be  the  key  reasons  for  its  limited 
success  to  date.  In  this  paper,  we  exploit  positron 
lifetime  spectroscopy  (PLS)  in  an  investigation  aimed  at 
exploring  grown-in  defects  in  CZT  as  a  function  of 
increasing  Zn  content,  as  well  as  the  influence  of  growth 
conditions. 

The  series  of  samples  used  to  study  the  influence  of  the 
Zn  content  were  grown  under  stoichiometric  conditions 
by  the  physical  vapor  transport  technique  (PVT)  [I]. 
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fax:  +1-905-527-8409. 
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They  exhibited  p-type  conductivity  and  consisted  of 
CdTe,  CZT  (a— 0.05,  0.10,  0.14,  0.15,  0.20,  and  0.25) 
and  ZnTe.  Two  sets  of  samples  were  investigated:  as- 
grown,  exhibiting  low  resistivity,  and  annealed  under 
cation  overpressure,  resulting  in  high  resistivity.  The 
values  of  various  physical  parameters  are  gathered  in 
Table  1. 

An  additional  three  CZT  (a*  =  0.05)  samples,  grown 
by  the  Bridgman  method,  were  investigated  to  reveal  the 
influence  of  the  growth  conditions.  Two  samples  were 
grown  under  Cd-rich  conditions;  one  was  In  doped 
([In]  =  2  x  10l4cm“ 3),  the  other  was  undoped.  The  third 
sample  was  undoped  and  grown  under  stoichiometric 
conditions.  PLS  experiments  were  performed  at  tem¬ 
peratures  between  room  temperature  and  15K.  For 
details  of  the  positron  annihilation  technique,  the  reader 
is  referred  to  a  recent  comprehensive  publication  [2],  The 
details  of  the  experimental  set-ups  as  well  as  the  data 
acquisition  and  analysis  are  given  in  Ref.  [3], 
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Table  1 

Physical  parameters  of  samples  used  to  study  the  influence  of 
the  Zn  content  in  CZT.  Annealing  was  performed  for  2-3  weeks 
under  Cd  overpressure  at  720°C  for  CZT  and  under  Zn 
overpressure  at  820°C  for  ZnTe  [1] 


Physical  parameter 

CZT 

ZnTe 

As-grown  crystals  (‘low  resistivity ’) 

Etch  pit  density  (cm-2) 

5  x  103 — 104 

O 

J. 

o 

X 

u-i 

Resistivity  (p-type)  (Qcm) 

10- 102 

10-KT 

Free  hole  concentration  (cm-3) 

1016 

1016 

After  annealing  (‘high  resistivity ’) 

Resistivity  (Qcm) 

106— 107 

106-107 

Free  hole  concentration  (cm-3) 

<1014 

<1014 

Net  acceptor  concentration  (cm-3) 

<1016 

<1015 

2.  Results  and  discussion 

2.1.  Influence  of  Zn  content  in  CZT 

All  of  the  obtained  spectra  required  at  least  two 
lifetime  components  to  be  satisfactorily  fitted  and  the 
one-defect-type  trapping  model  [4]  was  utilized  in  the 
calculation  of  the  annihilation  parameters.  Fig.  1  shows 
the  positron  average,  tavS,  and  bulk,  TBuik,  lifetimes  for 
low  and  high  resistivity  samples  as  a  function  of  Zn 
content.  Both  parameters  change  smoothly  from  values 
typical  for  CdTe  to  those  for  ZnTe  as  the  Zn  content 
increases.  TBuik  values  are  in  agreement  with  previously 
published  results  [5-8]  and  theoretical  predictions  [9,10]. 
No  significant  difference  was  detected  between  the  low 
and  high  resistivity  CdTe  and  CZT  (x<0.25)  samples.  In 
the  case  of  ZnTe,  the  tAVg  values  for  the  two  ZnTe 
samples  are  significantly  different  suggesting  different 
characteristics  of  the  open  volume  defects  in  low 
resistivity  ZnTe,  as  compared  to  high  resistivity  ZnTe. 

A  defect-related  lifetime,  td,  was  resolved  in  all 
samples,  indicating  the  presence  of  open  volume  defects 


0.15  0.35  0.55  0.75  0.95 

Value  of  x  in  Cd.,_xZnxTe 


Fig.  1 .  Positron  average  and  bulk  lifetimes  as  a  function  of  the 
Zn  content  measured  in  CZT. 


in  significant  concentrations.  Its  dependence  on  the  Zn 
content  is  shown  in  Fig.  2a  for  both  low  and  high 
resistivity  samples.  No  significant  difference  was  found 
in  the  values  of  td  before  and  after  annealing,  but  there 
is  a  linear  decreasing  tendency  with  increasing  Zn 
content  from  around  347  ps  for  CdTe  to  333  ps  for 
ZnTe.  This  change  is  directly  linked  to  the  change  in  the 
unit  cell  volume.  Specifically,  positrons  ‘see’  a  slightly 
smaller  open  volume  as  the  lattice  constant  decreases 
with  the  increase  in  Zn  content. 

The  ratio  of  the  defect-related  lifetime  to  the  bulk 
lifetime,  TD/TBuik>  can  be  used  to  estimate  the  size  of  the 
detected  open  volume.  A  ratio  of  less  than  1.20  is  typical 
for  an  open  volume  of  a  monovacancy,  whereas  a  ratio 
of  1.3— 1.5  is  typically  assigned  to  an  open  volume  of  a 
divacancy  defect.  In  our  case,  To/^Buik  is  between  1.20 
and  1.25  for  CdTe  and  ZnTe,  respectively,  for  both 
resistivity  cases  (Fig.  2b).  Its  assignment  to  a  mono-  or  a 
divacancy  thus  is  somewhat  uncertain,  but  favors  a 
mono  vacancy- size  open  volume. 

Identification  of  the  detected  defects  as  isolated 
intrinsic  monovacancies  can  be  ruled  out  with  the  help 
of  the  band  diagram  shown  in  Fig.  3,  where  defect 
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Fig.  2.  Defect  related  lifetime  (a),  ratio  of  defect  related  lifetime 
to  the  bulk  lifetime  (b),  and  position  trapping  rate  (c)  as  a 
function  of  the  Zn  content  in  CZT. 
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Fig.  3.  Transition  energy  levels  for  isolated  intrinsic  anion.  VTc 
( — )  and  cation.  V((d7n)  (■)  monovacancies  in  CdTc  and 
ZnTe.  Full  symbols:  experimental  data:  open  symbols:  experi¬ 
mentally  not  confirmed,  based  on  chemical  trends  and 
theoretical  predictions.  Positions  of  the  energy  levels  arc  shown 
to  undergo  a  smooth  transition  in  CZT  with  the  increase  in  the 
Zn  content  [12].  Fermi  levels  for  low  and  high  resistivity 
samples  are  also  indicated.  The  energy  scale  is  relative  to  the  top 
of  the  valence  band  in  CdTe. 


energy  levels  [12]  are  indicated.  As  a  first  step,  we 
proceed  with  the  elimination  of  positive  vacancies  (as 
they  are  not  detectable  with  positron  techniques),  as  well 
as  the  ones  with  energy  levels  in  the  valence  band.  This 
eliminates  VXc,  V-]-,: ,  V£n.  and  Vfc’-d.  Negative  vacancies 
can  be  ruled  out  as  none  of  the  annihilation  parameters 
exhibited  any  marked  temperature  dependence  down  to 
15  K,  indicating  that  the  defects  are  electrically  neutral 
in  all  the  samples.  Thus  VCd,  V&,  VZl1,  and  are 
ruled  out.  Consideration  of  the  positions  of  the  Fermi 
level,  reported  to  be  located  at  0.19eV  and  above  0.5  eV 
for  low  and  high  resistivity  samples,  respectively  [1], 
eliminates  V-fc.  If  VTc  were  present  in  our  samples,  it 
would  be  in  its  positive  state  in  low  resistivity  samples 
and  in  the  neutral  state  in  high  resistivity  samples.  This 
would  result  in  very  different  behaviors  of  the  annihila¬ 
tion  parameters  before  (Vyc  not  detected)  and  after  (V(jc 
‘visible')  annealing.  Clearly,  this  hypothesis  contradicts 
our  results. 

The  amounts  of  the  major  contaminants  (Na  and  K) 
in  the  source  material  (0.1  -0.5  ppm)  are  high  enough  to 
be  detectable  by  positron  techniques,  if  associated  with 
trapping  centers.  Na  is  a  more  likely  candidate  to  play 
the  role  of  the  small  atom  discussed  above,  as  its 
signature  has  been  observed  in  these  samples  by 
photoluminescence  [11].  Moreover,  it  is  found  as  a 
contaminant  by  many  crystal  growers  [12].  It  is  highly 
mobile  and  in  our  case  it  is  reasonable  to  suppose  that  it 
will  fill  cation  vacancies  and  pair  up  with  VTc.  It  is 
logical  that  VTc  instead  of  V(d  should  act  as  the  unfilled 
vacancy.  First  of  all,  group  I  elements  are  more  likely  to 
fill  group  II  rather  than  group  VI  vacancies,  due  to  bond 
completion  considerations.  Furthermore,  theoretical 


analysis  predicts  similar  T^/iHuik  ratios  for  cation 
vacancies  in  CdTe  and  ZnTe,  whereas  for  VTc  it  is  to 
be  significantly  larger  in  ZnTe  compared  to  CdTe  [10]. 
The  slightly  larger  rD/TBll!k  ratio  obtained  for  ZnTe  than 
for  CdTe  (Fig.  2b)  could  be  a  manifestation  of  this 
prediction.  The  proposed  defect  complex  would  act  as  a 
single  donor.  To  be  in  agreement  with  our  results  it  must 
be  in  its  neutral  state.  This  puts  the  transition  level 
below  at  most  0.19eV  (Fig.  3,  the  Fermi  level  position 
for  low  resistivity  samples)  above  the  valence  band  (or 
even  in  the  valence  band).  Such  a  position  of  the  defect 
level  is  quite  likely  if  one  considers  the  trends  of  vacancy 
related  defects  levels  in  the  material  system  under 
discussion  (Fig.  3). 

Following  the  trapping  model,  the  defect  concentra¬ 
tion  can  be  determined  from  the  trapping  rate,  k 
(Fig.  2c).  For  CZT  (O^.v^O.25)  we  obtain  a  value  of 
0.3  ns  1  for  both  sample  series.  Using  a  trapping 
coefficient  of  ~5x  1014  s"1  we  estimate  the  complex 
concentration  to  be  around  2xlOI6cm“3  for  both 
the  low  and  high  resistivity  cases.  A  distinct 
difference  in  k\  however,  is  observed  between  the  low 
and  high  resistivity  ZnTe  samples.  As  a  result  of 
annealing,  the  concentration  of  the  detected  defects  in 
ZnTe  is  reduced  by  50%  from  ^4xlOl6cnT3  to 
~2  x  10l6cm  \ 

Our  results  have  shown  no  difference  in  the  size 
(Fig.  2a  and  b)  and  concentration  (Fig.  2c)  of  the 
monovacancies  between  low  and  high  resistivity  CdTe 
and  CZT  samples.  The  detected  complex  was  unaffected 
by  the  performed  temperature  treatment.  In  ZnTe, 
however,  annealing  did  reduce  the  concentration  of  the 
detected  defect,  but  it  is  still  present  with  a  concentra¬ 
tion  of  —  1 01 6  cm  \  The  reduction  factor  is  at  least  two 
orders  of  magnitude  too  small  to  explain  the  reduction 
of  the  hole  concentration  upon  annealing  (Table  1).  This 
is  direct  evidence  that  during  annealing  the  detected 
defect  complex  does  not  take  part  in  the  process  of 
increasing  the  resistivity,  and  is  not  connected  to  p-type 
conductivity. 

2.2.  Influence  of  growth  conditions 

Table  2  summarizes  the  results  of  our  study  on  CZT 
(a*  =  0.05)  grown  under  different  conditions.  As  was  the 
case  in  previous  samples,  low  temperature  measure¬ 
ments  showed  no  temperature  dependence  from  15  K  up 
to  room  temperature,  indicating  that  we  are  still  dealing 
with  a  neutral  defect.  It  can  be  noticed  that  all  of  the 
positron  annihilation  parameters  are  in  excellent  agree¬ 
ment  for  samples  grown  from  stoichiometric  conditions. 
On  this  basis,  we  extend  the  above  discussion  and 
conclusions  to  undoped  stoichiomentrically  grown  CZT 
material. 

The  parameters  obtained  for  Cd-rich  grown  CZT 
show  that  growth  conditions  significantly  influence  the 
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Table  2 


Comparison  of  positron  lifetime  results  for  CZT  (x  =  0.05)  grown  under  various  conditions  and/or  methods 


Growth  conditions 

Growth  method 

TAvg  (PS) 

?Bulk  (PS) 

td  (ps) 

^DABulk 

k  (ns  *) 

C  (cm  3) 

Stoichiometric 

Undoped 

PVT 

290  +  2 

285+2 

353  +  16 

1.24 

0.31+0.14 

~2x  1016 

Stoichiometric 

Undoped 

PVT 

290+1 

285  +  1 

354  +  17 

1.24 

0.33  +  0.11 

~2x  1016 

Stoichiometric 

Undoped 

Bridgman 

291  +  1 

286+1 

354+12 

1.24 

0.26+0.08 

~2  x  1016 

Cd-rich 

Undoped 

Bridgman 

289+1 

284+1 

326  +  8 

1.15 

0.56+0.13 

~4  x  1016 

Cd-rich 

[In]  =  2  x  1014cm-3 

Bridgman 

288+1 

283+1 

330  +  15 

1.17 

0.54+0.19 

~4  x  1016 

end  product.  The  td/tbuHc  ratio  clearly  indicates  that  td 
is  related  to  a  monovacancy.  The  value  of  td  is 
distinctively  shorter  than  in  the  stoichiometric  growth 
case,  indicating  that  a  defect  of  smaller  open  volume  is 
dominant.  It  is  generally  accepted  that  Cd-rich  growth 
does  not  produce  Vcd  in  significant  concentrations. 
Rather,  it  will  induce  the  presence  of  grown-in  VTe.  It  is 
reasonable  that  the  open  volume  of  VTe  is  detected  as  a 
part  of  a  neutral  impurity  complex.  This  picture  is 
further  supported  by  the  observation  that  the  obtained 
td /tBuik  ratio  agrees  more  so  with  the  theoretical 
predictions  for  VTe  rather  than  Vcation.  The  increase  in 
k,  which  reflects  an  increase  in  the  defect  concentration 
compared  to  stoichiometric  growth,  is  also  consistent 
with  this  picture,  as  more  VTe  result  from  Cd-rich 
growth  than  from  stoichiometric  growth. 


3.  Conclusions 

Electrically  neutral  defects  were  found  in  undoped, 
p-type  CdTe,  CZT,  and  ZnTe.  Their  general  character¬ 
istics  are  independent  of  the  Zn  content.  Isolated  native 
monovacancies  can  be  ruled  out  and  a  (Na(Cd.zn)-Vre)0 
complex  is  proposed  in  concentrations  of  around 
1016cm-3,  with  a  transition  energy  level  below  0.19eV 
above  the  valence  band.  The  complex  has  been  shown 
not  to  be  connected  to  the  p-type  conductivity  and  is  not 
affected  by  annealing  under  cation  overpressure  in  CdTe 
and  CZT  (x<0.25),  but  in  ZnTe  its  concentration  is 
reduced  by  a  factor  of  two  upon  annealing. 


Both  stoichiometric  and  Cd-rich  growth  conditions 
result  in  grown-in  neutral  impurity— VTe  defect  com¬ 
plexes.  Cd-rich  growth  results  in  smaller  open  volumes 
with  increased  defect  concentration  as  compared  to 
stoichiometric  growth. 
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Abstract 

An  extended  cluster  model  is  used  to  calculate  the  first-order  spin-orbit  (SO)  interaction  for  levels  4Tj  (G.  P  and  F) 
and  4T2  (G.  D  and  F)  of  Mn  2  ’  in  ZnS.  The  first-order  SO  interaction  is  analyzed  by  using  the  molecular  SO  interaction 
which  involves  the  SO  coupling  constants  of  the  electrons  of  the  cation  and  of  the  ligands.  The  most  striking  effect  of 
the  molecular  SO  interaction  is  obtained  for  the  fluorescent  level  4T,(G).  For  this  level,  it  is  shown  that,  with  respect  to 
the  results  of  the  crystal-field  (CF)  model,  the  first-order  SO  interaction  is  roughly  reduced  by  an  order  of  magnitude. 
For  the  level  4T|(P).  it  is  shown  that  the  first-order  SO  interaction  increases  with  respect  to  the  results  of  the  CF  model, 
but  strongly  depends  on  the  mixing  parameters  of  the  states  i4T,  >.  For  levels  4T,  (F)  and  4T2  (G.  D  and  F),  it  is  shown 
that  the  first-order  SO  interaction  is  reduced  by  a  factor  of  0.5-0.7  with  respect  to  the  results  of  the  CF  model,  c  2001 
Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  fine  structure  of  the  optical  energy  levels  of  d? 
ions,  as  Mir  and  Fe3  ,  has  been  studied  in  numerous 
II-VI  and  III— V  compounds  [1-13].  For  example,  the 
energy  levels  of  Fe?  1  have  been  studied  in  ZnS  [1],  ZnO 
[2],  GaAs  [3.4].  GaN  [5],  and  InP  [6].  The  fluorescent 
level  and  the  levels  at  higher  energy  of  Mn2 '  have  been 
studied  in  cubic  and  axial  ZnS  [7,8],  in  ZnSe  [9  11], 
ZnTe  [12].  and  also  in  GaP  [13]. 

The  fine  structure  of  the  fluorescent  level  4T](G)  of 
Mir  in  cubic  symmetry  as  in  cubic  ZnS,  ZnSe  and  GaP 
has  long  been  interpreted  by  considering  a  strong  Jahn- 
Teller  (JT)  reduction  (corresponding  to  a  Huang-Rhys 
factor  S  of  approximately  2)  of  the  spin-orbit  (SO) 
interaction  as  given  by  the  CF-model  [14-16].  First,  this 
model  failed  to  account  for  the  fine  structure  of  the 
levels  4T2(G)  of  Mn2  1  in  ZnS  and  in  ZnSe  [17,18]. 


♦Corresponding  author.  Tel.:  +  594-29-62-00:  fax:  +  594-29- 
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Second,  the  previous  interpretation  of  the  fine  structure 
of  the  fluorescent  level  4T|(G)  of  Mn*  in  cubic  ZnS  has 
recently  been  questioned  [19,20].  Very  surprisingly,  a 
careful  analysis  of  the  fine  structure  lines  led  us  to 
consider  that  the  first-order  SO  interaction  should  be 
very  strongly  reduced  with  respect  to  that  given  by  the 
CF-model. 

The  aim  of  this  paper  is  to  compare  the  molecular  SO 
interaction  for  the  orbital  triplet  levels  4T,(P).  4T,(F), 
and  4T2(G),  4T2(D).  4T2(F)  of  Mn2  in  ZnS  to  the  SO 
interaction  restricted  to  electrons  d  of  the  configuration 
d5  following  the  CF-model  of  Sugano  et  al.  [21], 


2.  Molecular  orbitals  and  molecular  spin-orbit 
interaction  in  orbital  triplet  states 

In  the  proposed  molecular  model  for  the  tetrahedral 
MnS4  cluster,  the  monoelectronic  molecular  orbitals  4t2 
and  2e  of  the  half-filled  shell  are  written  in  terms  of 
the  monoelectronic  orbitals  of  the  electrons  3d  and  4p  of 
the  cation,  and  in  terms  of  the  orbitals  <xs.  crp,  and  Tip 


092 1  -4526/0 1/S- see  front  matter  f  2001  Elsevier  Science  B.V.  All  rights  reserved 
PII:  S092  1  -4526(0  I  )00857-2 


R.  Parrot,  D.  Boulanger  /  Physica  B  308-310  (2001)  928-931 


929 


of  the  ligands  as: 

|t2y>  =ad |dt2y>  +tfp|pt2y>  +flffSkst2y> 

+  flffp|cjpt2y>  +  fl7rp|7rpt2y  > , 

where  y  =  {,  Yf  or  f  refers  to  the  components  of  the 
molecular  monoelectronic  level  4t2,  and 

|  ey'  >  =  bd  |dey'  >  +  bnp \npey'  > , 

where  y'  =  0  or  a  refers  to  the  components  of  the 
molecular  monoelectronic  level  2e. 

The  first-order  SO  interaction  is  calculated  by  using 
the  molecular  SO  interaction  Hs om  defined  by  Misetich 
and  Buch  [22]: 

#SOm  =  EE«- 

<7  ' 

where  x\(  is  the  molecular  angular  momentum  of  electron 
i  and  where  s'q  are  the  complex  components  of  the  spin 
operators,  u  =  x  or  y  if  q  =  ±1  and  u  =  z  if  q  =  0. 

The  relevant  matrix  elements  (et2  =  (i/2)  <  ee|r-|t2C ) 
and  ft2t2  =  — i<  t2<f|T-|t2?7  >  are  given  in  terms  of  the 
mixing  coefficients  of  the  monoelectronic  wave  functions 
and  of  the  SO  constants  of  the  metal  and  of  the  ligands 
by 

fet  2  =  aAbA CM  +  [\/{2^WWv  +  «•%/: 
and 

ft2t2  =  ( aAaA  -  aW)(M  +  -  «*p/2Xl- 


3.  First-order  molecular  so  interaction  for  levels 
4T](G,  P,  F)  and  4T2(G,  D,  F)  of  Mn2+  in  ZnS 

For  the  calculation  of  the  molecular  orbitals,  the 
interatomic  distance  Mn-S  of  4.56  a.u.  is  chosen  to  be 
slightly  greater  than  the  interatomic  distance  Zn-S  of 
4.41  a.u.  to  account  for  a  slightly  greater  covalent  radius 
of  Mn  than  of  Zn.  The  effective  charge  of  manganese 
is  Qun  ~  0.973,  the  effective  charge  of  the  lattice  is 
glat  =  +0.80  and  Dq  =  -420  cm-1. 

The  calculated  monoelectronic  wave  functions  are: 

|4t2y >  =  0.898|dt2y  >  -0.132|pt2y>  —  0. 1 20|o-st2y > 

+  0.464jerpt2y  )  —  0.364|7rpt2 ) 

and 

|2ey'>  =  0.863|de/>  -0.611  |7ipey'>. 

It  can  be  noted  that  the  monoelectronic  wave 
functions  |4t2y)  are  strongly  coupled  to  the  wave 
functions  |dt2y>,  |cpt2y>,  and  |7tpt2y>,  and  that 
the  coupling  to  the  wave  functions  |pt2y>  and  |cst2y> 
is  relatively  small.  The  wave  functions  |2ey' )  are 
strongly  coupled  to  the  wave  functions  |dey')  and 
|7rpey' ) .  These  values  for  the  coupling  coefficients  of  the 


monoelectronic  wave  functions  are  in  agreement  with 
those  obtained  in  covalent  models  for  Mn  in  tetrahedral 
molecules  [23,24]. 

The  SO  coupling  constants  of  the  electrons  3d  of  the 
cation  and  3p  of  the  ligands,  are  obtained  by  inter¬ 
polating  the  SO  coupling  constants  given  by  Blume  and 
Watson  [25]  for  various  ionization  states  of  the  atoms. 
Explicitely  (all  values  are  in  cm-1)  we  get:  CMn  =  286  + 
47(gMn  -  1)  and  Cl(S)  =  298  +  65(<2l  +  1).  From  the 
effective  charges  given  above,  we  get:  £Mn  =  285  cm-1 
and  CL  =  308  cm"1  for  the  electrons  p  of  sulfur. 

It  is  now  possible  to  compare  the  matrix  elements  Cet2 
and  (t2t2  as  given  by  the  covalent  and  the  CF-model. 
For  (et2,  the  contribution  of  the  term  in  Cm  is  of 
220  cm"1  in  the  covalent  model  while  it  is  of  300  cm"1 
for  the  CF-model.  (In  the  CF-model,  we  have  Ct2t2  = 
Cet2  =  Cm,  with  Cm  =  C3d  =  300cm"1).  In  the  covalent 
model,  the  contribution  of  the  term  in  Cl,  due  to  two 
terms  of  opposite  signs,  is  of  15  cm"1  only,  so  that  the 
contribution  of  the  ligands  is  almost  negligible.  Finally, 
with  respect  to  the  CF-model,  the  strong  reduction  of 
Cet2  is  primarily  due  to  the  mixing  of  the  orbitals  d  of  the 
cation  with  the  orbitals  of  the  ligands. 

For  Ct2t2,  the  contribution  of  the  terms  in  Cm  and  Cl 
are  of  224.8  and  -94  cm"1  respectively.  For  the  term  in 
Cm,  the  contribution  involving  the  orbitals  p  is  very 
small,  so  that  the  contributions  of  the  cation  to  Ct?t2  and 
Cet2  are  almost  identical.  For  the  term  in  Cl,  the 
contributions  of  the  ligands  7rp  and  ap  are  both  negative 
so  that  their  overall  contribution  is  relatively  large. 

Then,  the  orbital  triplet  states  |4Tj>  and  |4T2>  are 
built  from  the  configurations  4t42e,  4t22e2,  and  4t22e3, 
by  diagonalizing  the  matrix  of  Sugano  et  al.  [21].  The 
mixing  parameters  for  the  states  |4T x  >  and  |4T2>  are 
given  for  two  sets  of  values  for  the  Racah  parameters  B, 
C,  and  from  the  cubic  field  coefficient  Dq.  For  the  first 
set,  we  have:  B  =  730cm"1,  C  =  2880cm"1,  and 
Dg  =  -420cm"’  [26].  For  the  second  set,  we  have: 
B  =  630cm"1,  C  —  3040cm”1,  and  Dq=  —540 cm"1 
[27].  The  results  are  summarized  in  Table  1.  This  table 
shows  that  for  the  states  \4JX  > ,  some  mixing  parameters 
differ  at  most  by  roughly  10-15%  depending  on  the 
chosen  set  of  parameters.  For  the  states  |4T2>,  it  can  be 
noted  that  the  mixing  parameters  for  the  state  |4T2  (G)> 
are  of  opposite  sign  and  that  some  mixing  coefficients 
differ  by  roughly  10-20%. 

The  first-order  SO  interaction  for  the  orbital  triplet 
levels  can  be  described  by  the  equivalent  operator  yx\,  S 
with  /  =  1  and  S  —  3/2.  By  using  the  mixing  parameters 
for  the  triplet  states  j4^)  and  |4T2>,  we  obtain  X\  in 
terms  of  a  linear  combination  aCt2t2  +  /?Cet2  of  the 
matrix  elements  Ct2t2  and  Cet2.  The  values  for  a  and  p  are 
given  for  the  six  levels  considered  and  for  the  two  sets  of 
parameters  in  Table  1.  The  values  for  X\  as  given  by  the 
proposed  molecular  model  and  by  the  CF-model  are 
given  in  Table  2  for  the  six  studied  levels. 
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Table  1 

Values  for  the  coefficients  a,  ft  defined  in  Section  3  and  wave  functions  for  the  states  !4T,  >  and  4T2>  of  Mn  in  ZnS.  The  wave  functions 
are  linear  combinations  of  the  form:  a,  4tj2e> +a:'4t?2c:> +aV4tl2c,>.  The  values  arc  given  for  two  sets  of  parameters  B.  C.  and 
Set  1:  fl  =  730cm  C=  2880cm  and  Dq=  -420.  Set  2:  B  =  630cm  '.C  =  3040cm  and  £></  =  - 540 cm  The  energies 

are  in  cm  1 


Level 

JT,(G) 

JTi(P) 

4Ti(F) 

4Ti(G) 

%(D) 

*T’(F) 


B.  C.  Dq 

Set  1 
Set  2 
Set  1 
Set  2 
Set  1 
Set  2 
Set  1 
Set  2 
Set  3 
Set  2 
Set  1 
Set  2 


-0.2393 

-0.2183 

0.8659 

0.8315 

0.4392 

0.5109 

0.3684 

-0.3455 

-0.2566 

-0.1726 

0.8935 

0.9224 


a  2 


-0.1501 

-0.1320 

-0.4799 

-0.5439 

0.8644 

0.8287 

0.6620 

-0.5690 

0.7472 

0.8202 

-0.0584 

-0.0597 


0} 


0.9593 

0.9669 

0.1409 

0.1134 

0.2448 

0.2285 

-0.6527 

0.7462 

0.6131 

0.5455 

0.4452 

0.3816 


a 

P 

0.1438 

-0.0848 

0.1479 

-0.0737 

-0.7300 

0.9842 

-0.6785 

1.1045 

-0.1330 

-0.4752 

-0.2048 

-0.6621 

0.2902 

-0.9219 

0.4375 

-1.1171 

0.3100 

1.3046 

0.2678 

1.4982 

-0.6002 

-0.3828 

-0.7053 

-0.3811 

Table  2 

First-order  spin-orbit  interaction  for  the  levels  4T,(G),  4T,(P).  4T,(F),  and  4T2(G),  4T2(D),  4T2(F).  The  values  for  /,  are  obtained  from 
the  CF-mode!  and  from  the  molecular  model  (M-modcl).  The  two  sets  of  values,  as  given  in  Table  I.  for  B ,  C.  and  Dq  have  been  used. 
For  the  CF-model.  the  calculations  have  been  performed  by  taking:  C(t2,t2)  =  £(c,t;)  =  300cm  '.  For  the  M-modei,  we  have  used: 
c<t:,t:)  =  131  cm  1  and  £(e,t:)  =  205cm  '.  The  matrix  elements  ;(t2,t2)  and  C(e,  t2)  are  defined  in  Section  2 


*T. 

B .  C  Dq 

/MJG) 

Xi(4P) 

Xi<JF) 

CF-model 

Set  1 

17.70 

12.70 

-30.40 

Set  2 

22.24 

21.30 

-43.54 

M-model 

Set  1 

1.42 

17.71 

-19.13 

Set  2 

4.22 

22.94 

-27.17 

4T2 

B .  C  Dq 

Z,(4G) 

Xi(4D) 

Zi(JF) 

CF-model 

Set  I 

-31.58 

80.73 

-49.14 

Set  2 

-34.00 

88.30 

-54.30 

M-model 

Set  1 

-25.17 

51.33 

-26.16 

Set  2 

-28.63 

57.02 

-28.39 

Table  2  shows  that  for  the  levels  4T i ,  x  i  (4T|G)  is  very 
strongly  reduced  with  respect  to  the  value  yUT  of 
17.7  cm  '1  as  deduced  from  the  CF-model  (by  taking 
Cm  —  300cm ' '),  this  is  due  to  the  fact  that  yA  depends 
on  two  terms  having  approximately  the  same  magnitude 
and  opposite  signs.  For  /,(4T,P),  the  values  given  by 
the  molecular  model  for  the  set  1  are  much  greater 
than  those  given  by  the  CF-model,  while  for  the  set  2, 
the  values  are  almost  identical.  It  can  be  noted  that 
for  Zi^.P),  the  values  given  by  the  CF-model  strongly 
depend  on  the  set  of  parameters  B ,  C,  and  Dq. 
For  /j^TjF),  the  values  given  by  the  covalent  model 
are  two-thirds  of  the  values  of  the  CF-model. 

For  the  levels  4T2,  all  values  of  yA  as  given  by  the 
molecular  model  are  reduced  with  respect  to  the  values 
of  the  CF-model.  For  example,  for  the  set  1,  the 


reduction  factors  are  of  16-20%  for  yA  (4T2G),  35-36% 
for  (4T2D),  and  47-48%  for  yA  (4T2F).  ~ 


4.  Conclusion 

By  analyzing  in  detail  the  molecular  model  for  the 
SO  interaction,  it  has  been  shown  that  the  first-order 
molecular  SO  interaction  described  by  the  term  /,  I.  S 
can  be  decomposed  into  three  contributions.  The 
first  one  is  due  to  the  mixing  of  the  monoelectronic 
wave  functions,  the  second  depends  on  the  SO  coupling 
constants  of  the  relevant  electrons  of  the  cation  and 
of  the  ligands,  and  the  last  is  due  to  the  mixing 
coefficients  of  the  orbital  triplet  states.  It  has  been 
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shown  that  for  the  studied  orbital  triplet  levels 
of  Mn2+  in  ZnS,  all  contributions  are  of  importance. 

References 

[1]  A.  Hoffmann,  R.  Heitz,  I.  Broser,  Phys.  Rev.  B  41  (1990) 
5806. 

[2]  R.  Heitz,  A.  Hoffmann,  I.  Broser,  Phys.  Rev.  B  45  (1992) 
8977. 

[3]  K.  Pressel,  G.  Bohnert,  G.  Riickert,  A.  Dornen, 
K.  Thonke,  J.  Appl.  Phys.  71  (1992)  5703. 

[4]  K.  Pressel,  G.  Ruckert,  A.  Dornen,  K.  Thonke,  Phys.  Rev. 
B  46  (1992)  13171. 

[5]  R.  Heitz,  P.  Thurian,  I.  Loa,  L.  Eckey,  A.  Hoffmann, 

I.  Broser,  K.  Pressel,  B.K.  Meyer,  E.N.  Mokhov,  Appl. 
Phys.  Letter  67  (1995)  2822. 

[6]  K.  Pressel,  G.  Bohnert,  A.  Dornen,  B.  Kaufmann, 

J.  Denzel,  K.  Thonke,  Phys.  Rev.  B  47  (1993)  9411. 

[7]  W.  Busse,  H.E.  Gumlich,  A.  Geoffroy,  R.  Parrot,  Phys. 
Stat.  Sol.  B  93  (1979)  531. 

[8]  W.  Busse,  H.E.  Gumlich,  W.  Knack,  J.  Schulze,  J.  Phys. 
Soc.  Japan  49  (1980)  581. 

[9]  H.E.  Gumlich,  private  communication. 

[10]  J.  Leslie,  J.W.  Allen,  Phys.  Stat.  Sol.  A  65  (1981)  545. 

[11]  S.G.  Ayling,  J.W.  Allen,  J.  Phys.  C  20  (1987)  4251. 

[12]  W.  Gebhardt,  private  communication. 


[13]  A.T.  Vink,  G.G.P.  Van  Gorkom,  J.  Lumin.  5  (1972)  379. 

[14]  P.  Koidl,  Phys.  Stat.  Sol.  74  (1976)  477. 

[15]  R.  Parrot,  C.  Naud,  C.  Porte,  D.  Fournier,  A.C.  Boccara, 
J.C.  Rivoal,  Phys.  Rev.  B  17  (3)  (1978)  1057. 

[16]  G.  Hofman,  F.G.  Anderson,  J.  Weber,  Phys.  Rev.  B  43  (2) 
(1991)  9711. 

[17]  R.  Parrot,  C.  Naud,  F.  Gendron,  Phys.  Rev.  B  13  (9) 
(1976)  3748. 

[18]  R.  Parrot,  D.  Boulanger,  Phys.  Stat.  Sol.  B  207  (1998) 
113. 

[19]  R.  Parrot,  D.  Boulanger,  M.N.  Diarra,  U.W.  Pohl,  B. 
Litzenburger,  H.E.  Gumlich,  Phys.  Rev.  B  54  (1996)  1662. 

[20]  R.  Parrot,  D.  Boulanger,  M.N.  Diarra,  U.W.  Pohl, 
B.  Litzenburger,  H.E.  Gumlich,  Phys.  Rev.  B  58  (1998) 
12567. 

[21]  S.  Sugano,  Y.  Tanabe,  H.  Kamimura,  in:  Multiplets  of 
Transition  Metal  Ions  in  Crystals,  Academic,  New  York, 
1970. 

[22]  A.A.  Misetich,  T.  Buch,  J.  Chem.  Phys.  42  (1964)  2524. 

[23]  L.D.  Kandel,  M.C.G.  Passegi,  T.  Buch,  J.  Phys.  Chem. 
Solids  30  (1968)  321. 

[24]  T.  Buch,  A.  Gelineau,  Phys.  Rev.  B  4  (1971)  1444. 

[25]  M.  Blume,  R.E.  Watson,  Proc.  Roy.  Soc.  London  Ser. 
A  271  (1963)  565. 

[26]  R.  Parrot,  C.  Blanchard,  Phys.  Rev.  B  6  (1972)  3992. 

[27]  T.  Kushida,  Y.  Tanaka,  Y.  Oka,  J.  Phys.  Soc.  (Japan)  37 
(1974)  1341. 


PHYSICAL 

ELSEVIER  Physica  B  308  310  (2001)  932-  934  - 

www.clscvicr.com/locate/physb 

High  temperature  electrical  conductivity  of  undoped  ZnS 

K.  Lott3  *,  L.  Turn3,  O.  Volobujeva3,  M.  Leskelab 

'*  Department  of  Chemistry,  Institute  of  Basic  ami  Applied  Chemistry.  Tallinn  Technical  University,  Ehitajate  tee  5, 

19086  Tallinn,  Estonia 

b  Department  of  Chemistry,  University  of  Helsinki,  FIN-00014,  P.O.  Box  55.  A I  Virtasenaukio  I,  Helsinki,  Finland 


Abstract 

High  temperature  defect  equilibrium  (HTDE)  in  ZnS  was  analysed  to  study  the  conditions  of  making  p-type  material. 
High  temperature  electrical  conductivity  (HTEC)  under  defined  component  vapour  pressure  was  investigated  in 
undoped  ZnS  in  the  temperature  range  from  600  C  to  1 140  C.  HTEC  measurements  were  carried  out  using  a  two-zone 
resistance  furnace  and  a  vacuum  sealed  quartz  ampoule  with  four  sealed  tungsten  or  graphite  electrodes.  All  ZnS  HTEC 
isotherms  can  be  divided  into  three  regions.  The  high  zinc  vapour  pressure  (pZn)  and  the  high  sulphur  vapour  pressure 
(Ps2)  regions  are  characterized  by  dominant  native  donors.  In  the  ZnS  HTDE  model,  antistructure  disorder  is 
dominating  at  high  /;s;  values,  similar  to  CdS  and  CdTe  HTDE  models.  Changes  occur  at  low  /?/„  or  at  low  /?$,  values. 
The  increase  of  HTEC  at  low  /;/„  or  at  low  p$:  values  is  explained  by  the  existence  of  the  p-type  area  in  this  region.  This 
p-type  area  appears  in  the  total  range  of  temperature  investigated.  «';•  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Zinc  sulphide:  Electrical  conductivity:  Defects 


1.  Introduction 

The  physical  properties  of  ZnS  depend  on  the 
properties  of  point  defects.  The  concentration  of  native 
and  impurity  defects  in  turn  depends  on  the  conditions 
of  preparation  and  the  presence  of  dopants.  Although 
the  room-temperature  properties  are  of  interest,  the 
initial  defect  structure  is  formed  usually  at  much  higher 
temperatures  during  crystal  growth  or  annealing,  when 
the  high  temperature  defect  equilibrium  (HTDE)  is 
established.  Our  study  within  high  temperature  electrical 
conductivity  (HTEC)  in  undoped  and  in  doped  ZnS  has 
been  in  progress  for  several  years  [1-3].  Our  earlier  work 
[1]  on  HTEC  in  the  additive  coloration  region  of  ZnS 
did  not  concern  the  phase  transition  (PT)  region.  HTEC 
measurements  in  ZnS  are  complicated  because  of  the 
multiphase  origin  of  ZnS.  We  found  that  adequate 
measurements  for  determination  of  HTEC  isotherms 
and  isobars  without  PT  confusion  can  be  performed  at 
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temperatures  over  1070  C.  At  lower  temperatures,  the 
effects  of  PT  on  HTEC  must  be  taken  into  account  [2]. 
On  the  basis  of  HTEC  measurements  under  zinc  vapour 
pressure  (/;/„)  we  could  not  explain  the  HTEC  isotherm 
behaviour  at  low/;/,,  values  [3].  In  the  present  work,  the 
results  of  HTEC  isotherm  and  isobar  measurements  are 
performed  both  under  p-/n  as  under  sulphur  vapour 
pressure  (/;S:)  and  at  large  ZnS  crystal  temperature 
range. 


2.  Experimental  procedure 

HTEC  isotherms  and  isobars  were  measured  in 
undoped  ZnS  single  crystals,  grown  by  the  Bridgeman 
vertical  method.  The  concentration  of  residual  impu¬ 
rities  was  no  more  than  101<scm"  \  HTEC  measurements 
were  carried  out  using  a  two-zone  resistance  furnace  and 
a  vacuum  sealed  two-zone  quartz  ampoule  with  four 
sealed  tungsten  or  graphite  electrodes.  The  HTEC  o  was 
measured  as  a  function  of  sample  temperature  T  and 
the  partial  pressures  /;/„  or  p$:.  The  component  vapour 
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pressure  (pcom p)  (pzn  or  Ps2)  was  maintained  by 
controlling  the  temperature  of  the  reservoir  of  zinc  or 
sulphur.  In  all  cases,  the  ampoule  was  placed  in  a  quartz 
furnace  tube,  which  was  evacuated  to  10-2  Pa  or  fulfilled 
by  inert  gases.  The  HTEC  experiments  within  ZnS  led  us 
to  a  power  dependence  of  electron  concentration  n ,  on 
/>comp  and  temperature  T  as  n~p*ompexp(-AE/kT). 
Our  attempts  to  measure  Hall  effect  in  ZnS  at  high 
temperatures  were  not  very  successful  because  of  low 
free  carrier  mobility  values.  The  sign  of  Hall  coefficient 
indicates  that  the  conductivity  is  n-type.  The  T-3/2 
dependence  of  mobility  [4]  is  taken  into  account  by  the 
factor  r+3/2,  so  that  the  conductivity  oT+ 3/2  is 
proportional  to  the  free  carrier  concentration. 


3.  Results  and  discussion 

3.1,  HTEC  isotherms  of  undoped  ZnS 

HTEC  isotherms  of  undoped  ZnS,  measured  under 
pzn  and  under  p$2  are  shown  in  Figs.  1  and  2.  The  plots 
in  Fig.  1  can  be  divided  into  two  regions.  If  the 
dependence  of  the  HTEC  o  on  pc omp  in  Fig.  1  is 
expressed  as  cr~p*omp,  t^ien  at  high  Pzn ,  a>0  and  at 
low  pzn  side  a<0.  The  a  =  0  values  shift  systematically 
towards  higher  pZn  values  with  increasing  the  tempera¬ 
ture  of  the  crystal.  At  congruent  sublimation,  compo¬ 
nent  vapour  pressures  upon  ZnS  in  equilibrium  are 
calculated  from  KZns  =  Pznp$2  values  [5].  Unexpected 
results  were  obtained  in  HTEC  measurements  under 
sulphur  pressures.  The  absolute  value  of  HTEC  in  the 
Ps2  region  is  more  than  one  order  of  magnitude  higher 
than  in  the  /?Zn  region.  The  slopes  a  in  Fig.  2  are  not 
constant  in  a  large  range  of  />comp  and  varied  between  0. 1 
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Fig.  I.  HTEC  isotherms  of  undoped  ZnS,  measured  at  the 
Pzn  side  and  at  temperatures  over  the  PT  temperature.  Under 
Zn  saturated  conditions,  the  a  values  are:  a«0.5  at  1 100°C  and 
a»0.4  at  1070°C. 


and  0.4  under  high  p$2  (/?s2vahies  in  Fig-  2  are  translated 
into  pzn  values  through  KZns  values).  It  is  characteristic 
that  at  low  p$2  the  sign  of  a  is  reversed.  Between  the  two 
conductivity  minimums  in  Figs.  1  and  2,  there  excists  an 
area  of  increased  conductivity.  This  region  may  be 
characterized  as  the  p-type  or  bipolar  conductivity  area. 
No  Hall  voltage  was  measured  in  this  region  because  of 
low  mobility  of  holes.  Similarly,  increasing  role  of  holes 
at  low  ps2  and  at  low  pc d  has  been  observed  in  CdS  [6]. 

3.2 .  HTEC  isobars  of  undoped  ZnS 

HTDE  isobars  measured  under  pzn  and  under  /?s2are 
shown  in  Figs.  3  and  4.  The  step-like  changes,  caused  by 
PT  below  1070°C  [2],  are  eliminated  by  using  only 


Pzn(pa) 
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Fig.  2.  HTEC  isotherms  of  undoped  ZnS,  measured  at  the  p$n 
side.  ps2  is  expressed  by  pZn  using  KZns  [5].  The  dashed  line 
connects  minimum  values  of  the  conductivity. 
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Fig.  3.  HTEC  isobars  of  undoped  ZnS,  measured  at  the  p$2 
side.  The  HTEC  isobar  activation  energies  at  different  pc omp: 
(A)  ps,  =  1.1  atm,  AE  —  1.1  eV;  (B)  ps,  =  0.00026  atm, 
A  E=  1.8  eV. 
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Fig.  4.  HTEC  isobars  of  undoped  ZnS.  measured  at  the  p/„ 
side:  (A)  p/M  -  0.015atm.  AF-1.9eV;  (B)  p/n  =  0.48 atm, 
AE  =  1.6eV. 

cooling  down  or  heating  up  isobar  curves.  The  existence 
of  different  activation  energies  for  HTEC  isobars  in 
Figs.  3  and  4  at  different  pZn  and  />s,  values  is 
characteristic.  This  indicates  that  the  compensating 
defects  in  these  regions  are  different. 

3.3.  The  preliminary  HTDE  model 

We  cannot  propose  any  simple  HTDE  model  to 
calculate  Brouwer’s  approximation  [7].  HTEC  isotherm 
slopes  x  at  different  temperatures  and  HTEC  isobar 
activation  energies  A E  at  different  /;comp  are  different 
which  still  leaves  many  possibilities  open  for  the  exact 
defect  model.  For  analysis,  we  used  the  method  for 
solving  the  system  of  quasi-chemical  reactions  without 
approximation  [8].  Here  we  represent  some  highlights  of 
our  preliminary  model.  For  temperature  values  above 
the  PT  temperature  and  under  zinc  saturated  conditions, 
sulphur  vacancies  are  the  dominant  native  donor  defects 
and  in  frozen-in  crystals  F-centre  phenomenon  appears 
[9].  It  means  that  Schottky  disorder  dominates  in 
hexagonal  phase  and  Frenkel  disorder  dominates  in 
cubic  phase.  Our  earlier  experiments  [10]  have  shown 
that  the  total  excess  of  zinc  in  additively  coloured  ZnS, 
determined  by  atomic  absorption  photometry,  appears 
to  be  significantly  larger  than  the  concentration  of  EPR- 
detected  F-centres  or  the  concentration  of  HTEC 
measured  free  carrier  concentration.  If  so,  then  in  the 
region  of  high  pZn,  the  large  deviation  from  stoichio¬ 
metry  must  arise  at  first  from  the  presence  of  high 
concentration  of  neutral  vacancies  and  interstitials 
compared  with  the  free  carrier  concentration.  The 
second  reason  may  be  related  to  the  adsorption  of  the 
excess  component  on  crystal  surfaces  and  interblock 
boundaries  [10].  The  appearance  of  zero  slope  (a  —  0)  on 
HTEC  isotherms  can  be  explained  by  a  two  carrier 
conduction  mechanism  involving  electrons  and  holes. 


The  inversion  of  sign  of  a  at  low  pZn  values  means  the 
increasing  role  of  free  carriers  in  the  electrical  compen¬ 
sation  of  defects.  Between  these  two  x  =  0  values,  the  p- 
type  region  may  be  formed.  In  this  region  no  F-centre 
phenomenon  can  be  found  in  frozen-in  crystals.  As  in 
the  case  of  CdS  [6],  the  double  inversion  of  sign  of  x 
requires  introduction  of  a  specific  model.  Antistructural 
disorder  involves  the  occurance  of  sulphur  at  the  zinc 
lattice  (S/n).  It  must  be  expected  to  be  a  donor. 
Electrically  it  must  be  compensated  by  zinc  vacancies. 
Tellurium  antisite  as  compensating  donor  has  also  been 
introduced  in  CdTe  defect  model  [11].  The  species  SZn  is 
expected  to  disappear  with  increasing  pZn  because  the 
energies  of  formation  for  antisite  defects  and  defect  pairs 
in  ZnS  are  higher  than  for  vacancies  and  interstitials 
[12,13]. 


4.  Conclusions 

HTEC  was  studied  in  undoped  ZnS.  It  has  been 
found,  that  at  high  pZn  and  at  high  /?s.  native  donors 
cause  the  increase  of  HTEC  with  increasing  of 
component  vapour  pressure.  The  increase  of  free  carrier 
concentration  at  low  pZn  or  at  low  /?s,  is  caused  by  an 
increasing  role  of  the  concentration  of  holes.  In  this 
region  p-type  HTEC  can  be  found. 
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Abstract 

Damage  of  transparent  semiconductors  and  dielectrics  under  the  action  of  high-intensity  laser  radiation  fluxes  is 
mainly  attributed  to  absorptive  inclusions,  which  being  heated  up  to  the  melting  threshold,  result  in  thermal  stresses  due 
to  the  occurrence  of  microcracks  and  pores  in  materials.  In  this  connection  a  local  spherical  area  molten  by  laser 
radiation  and  then  solidifying  in  a  transparent  solid  in  conditions  of  external  cooling  is  considered  and  the  temperature 
fields  in  the  solidified  region  are  calculated.  The  temperature  fields  and  temporary  stress  dependences  on  thickness  of  a 
solidified  region  at  different  speeds  of  a  solidified  front  are  graphically  analyzed.  The  conditions  of  occurrence  of 
caverns  in  irradiated  crystals  are  discussed.  The  present  results  can  be  used  in  the  analysis  of  the  damage  processes  of 
optical  components  of  power  laser  devices,  in  particular  made  from  ZnSe  semiconductors.  ©  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  Stress  simulation;  Temperature  field;  Laser  irradiation;  ZnSe  crystals 


1.  Introduction 

Interacting  with  transparent  semiconductors  high- 
intensity  laser  radiation  fluxes  usually  result  in  local 
heating  of  inhomogeneities  in  the  bulk  up  to  the  melting 
point  of  the  material  [1].  This  has  been  attributed  to  the 
presence  of  light-absorptive  macroinclusions  and  micro¬ 
inclusions  with  dimension  of  the  order  of  wavelength  in 
the  crystals.  In  the  last  case  these  inhomogeneities  are 
heated  in  a  recombination  mechanism  [2].  It  was  shown 
[3]  that  there  is  also  an  own  mechanism  of  nucleation  of 
an  elementary  defect  related  to  accumulating  light 
energy  in  a  thermal  fluctuation  of  density  (tensile  strain) 
resulting  in  the  formation  of  a  stable  germinal  crack. 
Nevertheless,  in  all  cases  laser  irradiation  of  transparent 
materials  with  an  intensity  close  to  a  melting  threshold 
results  in  heating,  melting  and  subsequent  solidifying  of 
local  areas  in  the  bulk  of  a  solid.  In  particular,  it  is 
related  to  short  laser  pulses  of  nano-  and  femtosecond 
duration  [4].  Fast  crystallization  of  a  laser-melted  area  in 
a  crystal  forms  elastically  deformed  regions  that  can 
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cause  the  occurrence  of  microcracks  and  caverns  in 
materials.  It  was  shown  that  the  irradiation  of  highly 
pure,  specially  undoped,  ZnSe  single  crystals  with 
nanosecond  ruby  laser  pulses  can  result  in  both  tensile 
and  compressive  strain  [5,6]  as  well  as  in  increase  of 
optical  absorption  in  the  transparency  range  of  the 
semiconductor  [7].  In  the  present  paper  the  model  of  a 
local  spherical  area  molten  by  laser  radiation  and  then 
solidifying  in  a  transparent  solid  in  conditions  of 
external  cooling  is  considered  according  to  the  approach 
reported  in  Ref.  [8].  The  stresses  and  temperature  fields 
in  the  local  solidified  region  of  the  bulk  of  a  transparent 
solid  are  determined. 


2.  Definition  of  the  state  of  solidifying  sphere 

2.1.  The  strained  state  of  elastic  solid  sphere  with  radial 
temperature  distribution 

We  consider  a  hollow  sphere  with  spherically  symme¬ 
trical  distribution  of  temperature  T(r).  R  is  the  external 
radius  of  a  sphere,  ro  is  the  internal  radius.  The  state  of 
an  elastically  deformed  solid  is  featured  by  the  strain 
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vector  U,  strain  tensor  Uik  and  stress  tensor  aifi  [9],  The 
equilibrium  equation  for  a  deformed  solid  is 

g  =  0,  U=  1,2,3.  (I) 

The  relation  between  strain  tensor  and  stress  tensor, 
which  characterizes  an  elastic  medium,  is  expressed  by 
the  Hook  law 


*flfc  =  tyUik  +{£-  -ftj  Ujfiik  -  3  Ky.(T  -  Tu)Sik ,  (2) 

where  T{)  is  the  equilibrium  temperature.  The  last  item  of 
this  expression  represents  the  stresses  which  are  due  to  a 
temperature  variation  of  a  body.  Here  y.  is  the  linear 
expansion  coefficient.  p  is  the  shear  modulus  and  K  is 
the  compression  modulus  for  an  elastic  body.  These 
values  are  regarded  as  constants.  Solving  Eqs.  (1)  and 
(2)  in  the  spatial  polar  coordinates  0\(p,0)  and  using 
boundary  conditions  that  both  the  external  and  internal 

sphere  surfaces  are  stressless  <rrr|r_rw=  0,  <r,T|, . fi=  0,  the 

radial  and  circular  components  of  the  stress  tensor  can 
be  obtained  in  a  view: 

.  .  2p9K 

0rr(V)  =  —  — . 

3 K  -f  4p 

*  W^T'i  ^(r)rdr-2j'mrydr  , 


o,tJr)  =  a0„(r)  = 


2p9K  (V  +  rjj  1 


3K  +  4 p  t  R*  -  r0  r3 


x  aT(r)rdr--^J  y.T(r)r  dr  -  y.T(r)  .  ( 

2.2.  The  temperature  distribution  in  solidifying  sphere 


In  a  solidifying  sphere  the  temperature  field  T(r)  is 
related  with  motion  of  a  solidified  front.  In  order  to 
define  the  temperature  dependence  T(r)  for  Eqs.  (3)  and 
(4)  it  is  necessary  to  consider  the  problem  of  temperature 
distribution  in  a  body  with  varying  boundary,  the  so- 
called  Stephan  problem  [10].  The  condition  on  the  phase 
boundary  is 

where  Q  is  the  crystallization  heat,  c  is  the  heat  capacity, 
tj(t)  is  the  radius  of  the  phase  boundary  which  moves 
under  the  law 


where  »r  is  the  dimensionless  parameter  characterizing 
the  intensity  of  a  heat  rejection  and  thus  determining  the 
speed  of  motion  of  the  phase  boundary,  a  =  yjCx  is  the 
thermal  diflusivity.  y  is  the  thermal  conductivity,  Cv  is 
the  heat  capacity  at  constant  volume,  t  is  the  time  and  /* 


is  the  time  during  which  the  crystallization  is  finished. 
The  initial  condition  for  the  solidification  boundary  is 
rj( 0)  =  I  and  the  second  boundary  condition  requires 
stationary  temperature  at  a  solidified  front 

T0‘>  01  ,/(/)= 

where  is  the  crystallization  temperature.  Solving  the 
thermal  conduction  equation  [10]  for  a  centrally  sym¬ 
metric  temperature  field  in  spatial  polar  frame  while 
taking  into  account  the  initial  and  boundary  conditions 
above,  one  can  compute  the  temperature  field  in  a 
solidifying  sphere  under  external  cooling: 

r(r,0  =  -e""V,'':  /"  e\Y--v: d.v  +7..  (6) 


2.3.  Definition  of  temporary  stresses  in  solidifying  sphere 


We  consider  a  melted  sphere  with  radius  R—  1.  The 
internal  surface  of  a  sphere  is  a  solidified  front.  The 
crystallization  process  is  started  at  /  =  0  and  for  t^0  a 
position  of  the  crystallization  boundary  r  = ;/(/)  is 
defined  by  Eq.  (5)  and  the  temperature  distribution  in 
the  solidified  region  T(i\  t)  is  expressed  by  Eq.  (6).  It  is 
guessed  that  the  speed  of  material  elements  is  small 
compared  to  that  of  a  solidified  front.  In  the  solidified 
region  the  equilibrium  equations,  Eq.  (1),  and  the  Hook 
law,  Eq.  (2)  are  valid.  The  thickness  of  the  solid  region 
varies  during  solidification.  Thus  it  is  necessary  to 
determine  stresses  in  a  body  with  a  variable  boundary.  It 
was  shown  [8]  that  the  description  of  such  problems  was 
convenient  to  make  using  variables  characterizing  an 
instantaneous  state  of  a  solid.  Such  variables  are  a 
vector  field  of  speeds  and  tensor  field  of  speeds  of 
deformations.  Therefore,  in  order  to  characterize  an 
instantaneous  state  of  a  solid.  Eqs.  (1)  and  (2)  differ¬ 
entiated  with  respect  to  time  are  used.  These  expressions 
are  valid  for  an  ideal  liquid  using  the  shear  modulus 
p  =  0.  K  is  the  compression  modulus  for  a  liquid  and  the 
pressure  p  of  a  melt  instead  of  stresses  oik  is  supposed.  In 
this  case  the  change  rate  of  pressure  is  used  as  an 
instantaneous  variable. 

The  joint  change  of  state  of  both  a  strained  liquid  and 
solid  is  esteemed.  Therefore  the  conjugation  conditions 
at  the  boundary  between  a  melt  and  solid  are  used.  The 
density  at  the  crystallization  boundary  undergoes  a 
jump.  The  conjugation,  which  is  a  consequence  of  the 
mass  conservation  law,  reflects  this  fact: 


=  P 

»-■»;(/) 


>'-//<  t) 


(7) 


where  p,  p  are  the  densities  and  r,  r  are  the  strain  speeds 
of  a  solid  and  melt,  respectively.  Usually  at  solidification 
of  a  melt  there  is  a  shrinkage  which  is  due  to  the  fact  that 
the  density  of  a  solid  is  more  than  the  density  of  a  melt 
(p/p  <  1 );  therefore,  the  liquid  appears  comprehensively 
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tensile  (/?(OI/^o  <  In  the  process  of  moving  a  solidified 
front  the  tension  of  a  liquid  increased.  At  some  value  of 
tension  (at  the  moment  of  t  =  tc)  the  collapse  in  a  liquid 
occurs  with  forming  a  gap  and  therefore  a  cavern  in  a 
solid.  Thus,  the  pressure  inside  a  sphere  drops  to  the 
zero  point. 

On  the  basis  of  the  discussed  model  and  using  the 
initial,  boundary  and  conjugation  conditions,  the 
expressions  for  the  temperature  dependences  and 
temporary  stresses  dependences  on  thickness  of  a 
solidified  region  at  different  speeds  of  a  solidified  front 
w  (or  intensity  of  a  heat  rejection)  were  obtained. 
Inasmuch  as  the  obtained  analytical  expressions  were 
very  cumbersome,  it  was  possible  to  expediently  analyze 
them  graphically  in  dimensionless  variables,  using 
computer  calculation  (Figs.  1-4).  The  dimensionless 
variables  were  defined  using  the  radius  of  a  melted 
sphere  R  =  1  and  by  dividing  the  obtained  expression  on 
the  combination  of  dimension  constants  characterizing 
the  material  [8].  The  ZnSe  semiconductor  constants  were 
used  [11]. 

3.  Analysis  of  theoretical  results 

The  motion  of  a  solidified  front  (i.e.  an  increase  in 
thickness  of  a  solidified  region)  is  represented  as  a 
decrease  in  r  in  the  figures.  The  two  cases  of  the  heat 
rejection  intensity  (w\  =  0.01  and  w2  =  0.02)  are  con¬ 
sidered.  Fig.  1  demonstrates  that  the  temperature  field  is 
dependent  on  the  thickness  of  solidified  layer.  On 
moving  a  solidified  front,  the  temperature  on  the 
external  surface  of  a  sphere  is  lowered  in  the  course  of 
time  because  of  the  heat  to  be  retracted  through  a  more 

0  1/6  1/3  1/2  2/3  5/6  1  Y 


Fig.  1.  Temperature  distributions  T(r )  in  a  solidifying  sphere  at 
different  thicknesses  r  of  solidified  region  and  at  different  heat 
rejection  intensities  w  (solidified  front  speed). 


0  1/6  1/3  1/2  2/3  5/6  1  T 

Fig.  2.  Radial  stresses  o>;.(r)  in  a  solidifying  sphere  before 
forming  a  cavern  at  different  thicknesses  r  of  solidified  region 
and  at  different  heat  rejection  intensities  w  (solidified  front 
speed).  Envelopes  (thin  curves)  represent  a  module  of  the 
pressure  p  of  a  melt. 


0  1/6  1/3  1/2  2/3  5/6  1  Y 

Fig.  3.  Radial  stresses  arr(r)  in  a  solidifying  sphere  after 
forming  a  cavern  at  different  thicknesses  r  of  solidified  region 
and  at  different  heat  rejection  intensities  w  (solidified  front 
speed). 

and  more  thick  layer  of  a  rising  solid.  When  the  gap  in  a 
liquid  was  not  derived  yet,  the  radial  stresses  have  the 
greatest  values  on  a  solidification  boundary  and 
numerically  are  equal  to  the  pressure  of  a  melt 
(envelopes,  i.e.  thin  curves  p\  and  p2  in  Fig.  2)  which 
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Fig.  4.  Circular  stresses  <t,iVX  wU)  in  a  solidifying  sphere  after 
forming  a  cavern  at  different  thicknesses  of  solidified  region  r 
and  at  different  heat  rejection  intensities  \v  (solidified  front 
speed). 


sharply  increases  with  moving  a  solidified  front.  After 
formation  of  a  cavern  the  maximum  of  radial  stresses  is 
shifted  to  a  solidification  boundary  on  moving  a 
solidified  front  (i.e.  toward  smaller  r  in  Fig.  3).  The 
circular  stresses  have  negative  values  at  large  radius 
(Fig.  4)  that  is  an  evidence  of  the  formation  of  tensile 
strained  areas  in  a  solid.  The  difference  in 
the  quantitative  nature  of  the  stresses  is  due  to  the 
dependence  of  the  temperature  on  ir  in  a  solidifying 
body.  A  rise  of  ir  results  in  an  increase  in  the  heat 
rejection  intensity  (Fig.  1).  The  intensive  cooling  of  a 
body  (i.e.  an  increase  in  it)  results  in  an  increase  of 
the  stresses.  The  stresses  also  increase  on  raising  the 
thickness  of  a  crystallized  region  (Figs.  2-4). 


The  formation  of  elastically  deformed  regions 
could  be  the  reason  for  the  modification  of  the 
photoconductivity  spectra  of  ZnSe  crystals  [5,6] 
under  irradiation  with  nanosecond  ruby  laser  pulses. 
In  particular,  a  shift  of  the  maximum  and  the  red  edge 
of  the  spectrum  toward  lower  energies  can  be  attributed 
to  the  formation  of  deformed  regions  with 
residual  stresses  (tensile  strains)  in  irradiated  crystals. 
The  formation  of  these  regions  with  a  smaller 
bandgap  in  irradiated  samples  conformed  with  the 
positive  pressure  coefficient  of  the  change  of  the 
bandgap  d£g/d/;  =  fixlO^eVPa"1  for  ZnSe  [11].  The 
formation  of  caverns  in  local  solidified  areas  of  crystals 
after  power  laser  irradiation  (in  particular 
at  absorptive  inclusions)  could  cause  a  rise  of  the  optical 
absorption  in  the  transparency  range  of  the  semicon¬ 
ductor  [7]. 
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Abstract 

The  influence  of  variable  thermal  treatments  and  cooling  rate  upon  the  defect  structure  and  luminescence  properties 
of  ZnSe  phosphors  doped  with  different  dopants  has  been  investigated.  It  has  been  found  that  chlorine-doped  and 
vacuum-annealed  ZnSe  phosphor  samples  exhibit  an  increase  of  the  photoluminescene  intensity  during  the  storage  at 
room  temperature  whereas  acceptor  codopant  copper  decreases  the  instability  of  samples.  The  observed  unstability  of 
samples  has  been  supposed  to  be  caused  by  the  dissociation  of  isoelectronic  complexes  VZn2Clse  that  gives  rise  to  the 
concentration  of  active  luminescence  centres  ClSe  and  VZnClSe*  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  71.55.G;  78.55.C 

Keywords:  II- VI  compounds;  ZnSe;  Complex  defects;  Stability 


1.  Introduction 

Group  II-VI  semiconductor  compounds  are  exten¬ 
sively  used  as  luminescence  materials,  starting  materials 
for  radiation  detectors  from  the  far  infrared  to  gamma 
radiation,  solar  energy  converters,  acoustoelectric  and 
optical  devices.  Chlorine  is  the  most  commonly  used 
dopant  in  II-VI  materials  as  halide  fluxes  CdCl2  and 
ZnCl2  are  often  used  for  the  recrystallization  of  II-VI 
powders  and  films.  Substitutional  chlorine  at  the  chal- 
cogen  site  is  a  single  donor.  Chlorine  forms  different 
complexes  with  the  host  intrinsic  defects.  A-centre, 
chlorine  complex  with  metal  vacancy  is  an  acceptor.  A 
complex  that  consists  of  two  chlorine  atoms  and  metal 
vacancy  is  a  neutral  defect. 

CdTe  is  the  most  investigated  narrow-gap  II-VI 
compound.  Single  ClTe  is  a  shallow  donor  in  CdTe  with 
a  binding  energy  of  Ed  =  14meV  [1].  The  A-centre,  an 
acceptor  complex  VCdClTe  with  a  binding  energy  of 
Ea  =  120meV,  has  been  identified  in  CdTe  by  Meyer 
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et  al.  [1].  A-centre  is  a  stable  complex  [2]  that  enables  to 
receive  as  low  as  1  Qcm  p-type  resistivity  in  CdTe  thin 
films  [4].  VCd2ClTc  is  an  isoelectronic  complex  [4]  that 
causes  a  high  resistivity  up  to  109flcm  of  chlorine- 
saturated  CdTe  [5].  Acceptor  levels  at  45meV  [6]  and 
80meV  [7],  and  a  donor  level  at  60meV  [8]  have  also 
been  ascribed  to  this  complex.  Vacuum  annealing  of 
Cl-doped  CdTe  generates  VTe-VCd  pairs  that  cause  a 
1.22  eV  PL  peak  and  unstable  photoconductivity  [9]. 

Wide-gap  ZnS  and  ZnS-based  solid  solutions  are 
the  most  efficient  and  widely  used  host  materials  for 
electroluminescent  displays  [10].  Compared  with  group 
III-V  semiconductors,  II-VI  compounds  have  been 
much  less  studied  [11],  ZnSe  has  long  been  used  as  an 
efficient  red  electroluminescent  phosphor  [12],  in  the  last 
few  years  it  has  also  been  used  as  a  material  for  the  blue 
and  blue-green  laser  diodes  [13],  and  for  the  X-ray 
conversion  screens,  due  to  a  high  radiation  stability  of 
ZnSe  [14],  A-centre  locates  in  ZnSe  band  gap  at 
£V  +  0.35eV  [15].  Information  about  other  complexes 
and  host  intrinsic  defects  in  ZnSe  is  scarce.  A  double- 
charge  deep  acceptor  locates  at  Ec~2.2eV  [16].  A  deep 
donor  VSe  has  been  positioned  at  E\  +  1.4eV  [17],  zinc 
interstitial  at  donor  level  Ec~0.9 eV  [18]. 
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2.  Experimental 

For  the  phosphor  samples,  starting  materials  of  6N 
purity,  and  ZnCL  flux  and  chemicals  for  doping  of  4- 
5N  purity  were  used.  Mixed  with  4wt%  ZnCL  flux, 
ZnSe  powders  were  recrystallized  isothermally  in  the 
evacuated  quartz  ampoules  for  lh  at  1100  C,  then 
cooled  down  to  room  temperature  together  within  the 
tube  furnace  at  a  rate  of  about  1 .2  K  min  1 .  For  part  of 
the  samples  0.02-0.04  at%  Ag  or  0.05  at%  Cu 
codopants  were  used.  ZnCL  flux  residue  was  removed 
from  the  recrystallized  samples  by  the  vacuum  annealing 
at  470X.  Thereafter  samples  were  vacuum  annealed  for 
30  min  at  850  C.  then  quenched  or  slowly  cooled  to 
room  temperature. 


3.  Results 

The  integral  intensities  of  phosphor  samples  measured 
under  X-ray  excitation  after  the  thermal  treatment  and 
after  9  days  storage  at  room  temperature  are  sum¬ 
marized  in  Table  1.  Samples  doped  only  with  chlorine 
exhibit  the  lowest  conversion  efficiency  whereas  acceptor 
codopant,  especially  copper,  increases  the  efficiency,  in 
part,  due  to  a  better  spectral  matching  of  copper-doped 
samples  to  a  silicon  detector.  After  9  days  storage  at 
room  temperature,  all  samples  showed  an  increased 
conversion  efficiency.  Samples  doped  only  with  chlorine 
have  the  highest  instability,  especially  at  Cl-saturated 
sample.  Copper  codopant  significantly  decreases  the  rate 
of  instability.  PL  measurements  of  the  independent 
samples  fabricated  from  the  same  phosphors  confirm 
these  results. 

Fig.  1  shows  PL  spectrum  of  chlorine-saturated  ZnSe 
after  a  thermal  treatment  with  slow  cooling  to  room 
temperature  (curve  1),  and  after  2  weeks  storage  at 
300  K  (curve  2).  The  PL  band  peak  at  2.02  eV  belongs  to 
a  known  self-activated  (SA)  emission  band  [16],  caused 
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Fig.  1 .  ( 1 )  PL  spectrum  of  ZnSe :  Cl.  slowly  cooled  to  300  K.  (2) 
Sample  1,  after  2  weeks  storage  at  300  K. 


by  charge  transitions  between  the  A-centre  and  donor 
levels  as  ClSt,  Znj  and  others.  A  less  intense  peak  at 
about  2.37  eV  has  been  ascribed  to  the  host  intrinsic 
defects  and  bound  excitons  [19].  Vacuum  annealing  of 
chlorine-doped  1 1— VI  compounds  generates  chalcogen 
and  metal  vacancies  [3.9]. 

A  high  cooling  rate  suppresses  the  2.37  eV  PL  band,  as 
it  is  seen  in  Fig.  2.  Storage  at  300  K  causes  less  changes 
in  the  shape  of  this  spectrum,  yet  a  shift  to  a  lower 
energy  side  is  detected. 

Fig.  3  depicts  the  PL  spectra  of  chlorine-  and  silver- 
doped  ZnSe.  The  slowly  cooled  sample  has  an  intense 
donor-acceptor  pair  peak  at  2.25  eV,  formed  by  ClSc 
and  Ag/n,  SA  and  2.37  eV  bands  can  be  also  detected 
(curve  1).  As  at  a  ZnSe: Cl  sample,  fast  cooling  rate 
suppresses  the  2.37  eV  band,  but  promotes  the  SA  band 
(curve  2).  Storage  at  300  K  increases  the  intensity  of  this 


Table  1 


Stability  versus  thermal  treatment  of  ZnSe-bascd  phosphors'1 


No. 

Phosphor  composition 

Thermal  treatment 

U\- 

(mV) 

£4i 

(mV) 

A  U 
(%) 

1 

ZnSe:  Cl 

Flux  residue  removed 

9.9 

14.3 

49.5 

Slowly  cooled 

21.9 

25.8 

17.7 

Quenched 

22.1 

26.4 

19.5 

2 

ZnSe :  Cl :  Ag 

Flux  residue  removed 

19.3 

22 

14.2 

Slowly  cooled 

23.4 

26.1 

11.7 

Quenched 

25.7 

28.4 

10.6 

3 

ZnSe :  Cl :  Ag :  Cu 

Flux  residue  removed 

46.6 

50.8 

9.1 

Slowly  cooled 

47.9 

50.5 

5.4 

Quenched 

46.5 

51.2 

10.1 

“  Ci-  is  the  photovoltagc  of  photodiode  S1336-8BK  with  the  scintillator  cap:  U,,,  was  measured  after  9  days  storage  of  phosphors  at 
300  K. 
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Fig.  2.  (1)  PL  spectrum  of  ZnSe :  Cl,  vacuum  annealed  for 
30  min  at  850°C,  quenched  to  300  K.  (2)  Sample  1 ,  after  2  weeks 
storage  at  300  K. 
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Fig.  3.  (1)  PL  spectrum  of  ZnSe:Cl:Ag,  slowly  cooled  to 
300  K.  (2)  Sample  1,  vacuum  annealed  30  min  at  850°C, 
quenched  to  300  K.  (3)  Sample  2,  after  2  weeks  storage  at  300  K. 

spectrum  also,  further  increasing  the  SA  part  of  the 
broad  band  (curve  3). 

Summarizing  the  results  of  this  study  one  can  suppose 
that  some  chlorine-based  complex  can  cause  an  increase 
in  the  brightness  of  ZnSe  samples  stored  at  room 
temperature.  A  neutral  complex  Vzn2ClSc  is  a  suitable 
candidate.  We  suppose  that,  supported  by  the  lattice 
relaxation,  part  of  these  complexes  can  dissociate  to  the 
charged  defects  single  ClSe  and  VZnClse-  Supposedly, 
this  mechanism  causes  divergent  results  of  different 
authors  [6,7,8].  It  is  possible  that  the  shallow  acceptor 
levels  in  II-VI  tellurides  unidentified  so  far  can  be 


caused  by  chlorine  complexes  with  interstitial  tellurium 

[9]- 


4.  Conclusions 

It  has  been  found  that  chlorine-doped  and  vacuum- 
annealed  ZnSe  phosphor  samples  exhibit  an  increase  of 
the  PL  intensity  during  the  storage  at  room  temperature 
whereas  acceptor  codopant  copper  decreases  the  in¬ 
stability  of  samples.  The  observed  instability  of  the  PL 
intensity  of  samples  at  room  temperature  can  be 
explained  by  post-annealing  changes  in  the  defect 
population.  We  suppose  that  part  of  the  isoelectronic 
complexes  VZu2Clse  of  chlorine-saturated  ZnSe  can 
dissociate  at  room  temperature  to  give  rise  to  the 
concentration  of  active  luminescence  centres  Clsc  and 
VznClse- 
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Abstract 

We  report  the  observation  and  analyze  the  mechanism  of  efficient  blue  anti-Stokes  emission  in  ZnSe:Cr.  This 
emission  and  the  intra-shell  transition  of  chromium  Cr2 !  at  2.4  pm  are  induced  by  2+  ->  1  +  ionization  transition  of 
chromium  ions  in  ZnSe :  Cr.  The  efficiency  of  the  anti-Stokes  photoluminescence  anticorrelates  with  the  efficiency  of  the 
infrared  emission.  The  latter  emission  dominates  at  increased  temperatures.  We  conclude  that  the  photoionization 
excitation  mechanism  can  be  applied  for  optical  pumping  of  2.4  pm  laser  action  in  ZnSe:Cr.  <f  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  ZnSe:  Chromium  ion;  Anti-Stokes  emission:  Infrared  emission 


1.  Introduction 

We  reported  recently  observation  of  efficient  energy 
up-conversion  in  chromium  doped  ZnSe  [1].  Based  on 
the  results  of  electron  spin  resonance  (ESR)  investiga¬ 
tions,  we  concluded  that  the  anti-Stokes  luminescence 
(ASL)  in  ZnSe:Cr  is  accompanying  photoionization 
excitation  of  chromium  ions.  In  this  work,  we  discuss  an 
inter-link  between  the  ionization  transition  of  Cr  ions 
and  the  2.4  pm  infrared  emission,  due  to  5E-»5T2 
emission  of  Cr ' .  The  laser  action  was  achieved  for 
the  latter  photoluminescence  (PL)  in  chromium  doped 
wide  bandgap  II— VI  materials  [2-7].  The  Cr  f  PL  at 
about  2.4  pm,  due  to  'E-^To  intra-shell  transition,  has 
a  relative  large  PL  line  width  of  about  0.5  pm  giving 
possibility  of  tuning  in  relatively  large  spectral  range. 


2.  Experimental 

ZnSe  samples  studied  were  bulk  crystals  grown  from 
the  melt  by  the  Bridgman-Stockbarger  (BS)  technique 
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or  from  the  vapor  phase  by  Markov-Davydov  (MD) 
technique.  The  first  type  crystals  were  purified  by  zone 
melting  with  following  treatment  in  the  zinc  melt.  We 
also  studied  some  reference  ZnSe  epilayers  obtained  by 
simple  deposition  from  the  vapor  phase  or  by  atomic 
layer  epitaxy  in  the  gas  flow  version.  Bulk  BS  crystals 
were  grown  from  a  chromium  doped  melt,  with  resulting 
chromium  concentration,  determined  from  the  mass 
spectral  analysis  of  the  crystals,  varying  between  10lb 
and  5  x  10l9cm  \  i.e.,  both  lightly  and  heavily  doped 
samples  were  studied.  Vapor  phase  MD  crystals  and 
ZnSe  epilayers  were  doped  with  chromium  by  diffusion 
at  80CTC  temperature  during  70-240  h  treatment,  with 
Cr  metal  deposited  on  the  surface  by  magnetron 
sputtering.  Cr  concentration  in  these  samples  varied 
from  5  x  10lscm  ?  to  8  x  10l9cm“3. 

A  conventional  PL  set-up  was  used  with  samples 
mounted  in  a  variable  temperature  cryostat.  PL  spectra 
were  dispersed  with  Ebert-Fasti  monochromator  and 
detected  with  CCD  camera  (for  visible  and  NIR  region 
detection)  or  In  As  photovoltaic  detector  (1-3.5  pm).  The 
latter  detector,  assembled  with  digital  oscilloscope  was 
used  for  the  PL  kinetics  measurements  in  the  infrared. 
Visible  light  PL  kinetics  was  measured  w'ith  PMT 
in  time-correlated  photon  counting  mode.  For  cw 
excitation  UV  and  visible  lines  of  argon  ion  laser 
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(Innowa-400)  together  with  dye-laser  (with  tuning  range 
of  1.65-2.25  eV)  and  He-Cd  laser  (2.807  eV)  were  used. 
Excitation  intensity  was  varied  with  a  motorized 
attenuator  in  the  range  of  1017-1024  photon/cm2  s.  The 
ESR  experiments  were  performed  with  Bruker  300 
X-band  spectrometer  equipped  with  a  continuous  He 
gas-flow  Oxford  Instruments  cryostat.  Photo-excitation 
of  the  samples  mounted  in  a  microwave  cavity  was  done 
either  with  laser  sources  used  in  the  PL  study  or  with  a 
high-pressure  mercury  lamp  and  set  of  interference  filters. 


3.  Results  and  discussion 


Photon  Energy  (eV) 


In  Fig.  1  we  present  the  PL  spectra  observed  under 
2.41  and  2.807  eV  excitation  for  the  relatively  heavily 
chromium  doped  sample  (4.2  x  1018cm-3)  and  at  high 
excitation  density  of  10 19  photons/cm2  s.  A  very  bright 
blue  color  donor  acceptor  pair  (DAP)  emission  is 
observed  under  2.41  eV  excitation  with  a  weak  red 
DAP  PL  (not  shown).  The  blue  PL  is  excited  by  photons 
of  lower  energy,  thus,  it  is  identified  as  the  ASL  [1].  It 
should  be  mentioned,  that  neither  excitonic  transitions 
(donor  (DBE)  and  acceptor  (ABE)  bound  exciton)  nor 
free-to-bound  (FB)  transition,  which  dominate  at  the 
above  band  gap  excitation  conditions,  are  observed 
under  2.41  eV  excitation.  This  indicates  efficient  trapping 
of  free  carriers  by  ionized  Cr  centers.  In  addition  to  the 
visible  light  PL,  two  infrared  intra-shell  emissions  of 
Cr2  +  ,  the  2.4  pm  PL  due  to  5E->5T2  transition  and  the 
0.95  pm  PL  (see  Fig.  2),  are  observed  upon  2.41  eV 
excitation.  The  latter  PL  was  tentatively  attributed  to 
3T!->5T2  emission  of  Cr2+  [8]. 

We  measured  temperature  and  excitation  density 
dependences  of  anti-Stokes  and  infrared  emissions  and 
their  excitation  spectra.  The  PL  excitation  and  photo- 
ESR  data  (Fig.  3)  prove  that  the  2  +  -*  1  +  ionization 
transition  of  chromium  impurity  excites  the  ASL  and 


Fig.  1.  Low  temperature  photoluminescence  spectrum  of 
ZnSe:Cr  under  above  band  gap  excitation  and  the  ASL 
excitation. 


Fig.  2.  Chromium-related  infrared  PL  emissions  and  the  ASL 
emission  observed  in  ZnSe:Cr  under  the  photoionization 
excitation. 


Fig.  3.  Comparison  of  the  PL  excitation  spectra  of  the  ASL 
and  infrared  PLs  with  the  Cr1+  photo-excitation  band 
determined  in  the  ESR  study. 

the  Cr2+  intra-shell  PL.  The  important  question  is,  if  the 
ASL  and  the  2.4  pm  PL  emissions  do  not  compete  as 
possible  channels  of  energy  relaxation.  As  explained 
previously,  the  ASL  is  excited  due  to  two  complemen¬ 
tary  ionization  transitions  of  chromium  ions  [1].  Free 
carriers,  photo-created  in  conduction  and  valence  bands 
of  ZnSe,  participate  in  DAP  PL  responsible  for  the  blue 
ASL  emission. 

For  a  two-quanta  excitation  mechanism,  one  could 
expect  a  quadratic  dependence  on  the  light  intensity.  In 
fact  we  observed  the  quadratic  dependence  of  the  ASL 
on  excitation  density  for  a  two-photon  excitation 
process,  studied  by  us  for  undoped  ZnSe  samples.  In 
the  latter  case  a  quantum  efficiency  of  the  ASL  is  fairly 
low,  and  is  below  10-5.  The  highly  efficient  ASL  process 
observed  by  us  in  ZnSe :  Cr  (2  x  10~3  upon  green  color 
optical  pumping  and  at  helium  temperature)  shows,  in  a 
large  range  of  excitation  densities,  a  linear  dependence 
of  the  ASL  on  excitation  intensity.  This,  as  results  from 
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our  photo-ESR  studies,  is  a  consequence  of  a  metastable 
population  of  photo-excited  Cr1  '  centers,  which  is 
observed  at  low  temperatures.  Free  holes,  created  in  the 
valence  band  under  chromium  2+  -+  1  +  ionization,  are 
efficiently  trapped  by  shallow  acceptor  centers  being 
active  in  the  ASL  process.  The  second  photon  that  is 
absorbed  by  photo-generated  Cr1  *  state  induces  a 
complementary  ionization  transition  to  the  conduction 
band.  Thus,  both  the  types  of  free  carriers  are  photo¬ 
generated  and  can  participate  in  the  ASL. 

The  efficiency  of  the  ASL  emission  is  reduced  at 
increased  temperatures,  since  required  retrapping  of 
photo-generated  free  carriers  by  shallow  donor  and 
acceptor  centers  active  in  the  ASL  becomes  temperature 
deactivated.  This  is.  why  the  deactivation  of  the  ASL  is 
characterized  by  deactivation  energies  of  about  110- 
120meV  (Fig.  4)  related  to  the  thermal  ionization  of 
shallow  acceptors. 

The  detrimental  sensitivity  of  the  ASL  to  the  increase 
in  the  temperature  turned  out  to  be  profitable  for  the 
second  process  studied  by  us.  With  decreasing  efficiency 
of  the  ASL  process,  the  intra-shell  emission  of  Cr2 '  is 
more  efficient  (Fig.  4).  The  photo-generated  holes  are  at 
higher  temperatures  more  efficiently  retrapped  by 
ionized  chromium  centers.  As  a  consequence,  Cr1  1 
state,  an  intermediate  state  in  a  two-quanta  excitation 
transition,  is  no  longer  metastably  occupied  and  a  linear 
dependence  on  a  light  density  is  not  observed  for  both 
the  ASL  and  the  intra-shell  excitation  processes. 

High  efficiency  of  the  intra-shell  PL  means,  that  hole 
retrapping  by  ionized  Cr1  1  centers  proceeds  via  the 
excited  ‘^E  (and  also  3Ti)  state  of  Cr2 '  impurity  and  that 
the  process  is  very  efficient  at  increased  temperatures. 
Moreover,  our  photo-ESR  studies  indicate,  that  such  a 
process  occurs  also  under  injection  of  free  carriers.  Our 
ESR  studies  demonstrate,  that  the  generation  of  free 
carriers  leads  to  efficient  carrier  trapping  by  Cr  ions,  by 
the  so-called  bypassing  mechanism  [9].  For  example,  we 
observed  very  efficient  Cr1  1  photo-quenching  under 


Fig.  4.  Temperature  dependences  of  the  PL  intensity  (left)  and 
the  PL  decay  time  (right)  of  the  DAP  ASL  and  of  the  2.4  pm  PL 
in  ZnSe :  Cr. 


neutralization  transition  of  deep  acceptors,  and  very 
efficient  photo-generation  (see  Fig.  3)  for  excitation, 
when  deep  acceptors  are  ionized,  i.e.,  at  the  conditions 
when  free  electrons  are  created.  This  means,  that  the 
Cr- !  centers  can  compete  in  electron  trapping  with 
shallow  donor  centers  active  in  visible  emission  of  ZnSe, 
whereas  Cr1  1  centers  in  trapping  of  free  holes  from  the 
valence  band.  Thus,  we  can  avoid  limitation  of  optical 
pumping  and  obtain  efficient  2.4-2. 5  pm  infrared  emis¬ 
sion  under  injection  of  free  electrons  and  holes. 

4.  Conclusions 

2.4  pm  PL  of  Cr2  '  is  efficient  at  room  temperature 
and  can  be  either  optically  pumped  upon  Cr  ionization 
transitions  or  it  can  be  excited  by  injection  of  free 
carriers.  The  former  process  can  be  important  both  for 
the  optical  pumping  of  this  PL  by  easily  available  and 
very  efficient  light  sources  in  green  color.  The  latter 
process  may  be  important  in  light  emitting  devices 
working  under  carrier  injection  conditions. 

Acknowledgements 

We  are  indebted  to  A. A.  Davydov  for  providing 
vapor  grown  ZnSe  crystals.  This  work  was  partly- 
supported  by  grant  no.  5  P03B  007  20  of  KBN  for  the 
years  2001-2003. 


References 

II]  V.Yu.  Ivanov,  Yu.G.  Semenov.  M.  Surma,  M.  Godlewski. 
Phys.  Rev.  B  54  (1996)  4696. 

[2]  L.D.  DcLoach.  R.H.  Page.  G.D.  Wilke.  S.A.  Payne. 
W.F.  Krupkc.  IEEE  J.  Quant.  Electron.  32  (1996)  885. 

[3]  R.H.  Page.  K.I.  Schaffers.  L.D.  DeLoach.  C.D.  Wilke, 
F.D.  Patel.  J.B.  Tassano.  S.A.  Payn.  W.F.  Krupke, 
K.T.  Chen,  A.  Burger,  IEEE  J.  Quant.  Electron.  33  (1997) 
609. 

[4]  U.  Hommcrich,  X.  Wu.  V.R.  Davis.  S.B.  Triverdi. 

K.  Grasza.  RJ.  Chen.  S.  Kutcher,  Opt.  Lett.  22  (1997) 
1180. 

[5]  J.T.  Sco,  U.  Hommcrich.  S.B.  Triverdi.  R.J.  Chen. 
S.  Kutcher.  Opt.  Commun.  153  (1998)  267. 

[6]  A.V.  Podlipcnsky,  V.G.  Shcherbitsky,  N.V.  Kuleshov. 
V.P.  Mikhailov,  V.I.  Levchenko.  V.N.  Yakimovich. 

L. I.  Postnova,  V.I.  Konstantinov,  Opt.  Commun.  167 
(1999)  129. 

[7]  J.T.  Seo,  U.  Hommcrich.  H.  Zong.  S.B.  Triverdi. 
S.W.  Kutcher.  C.C.  Wang.  R.J.  Chen.  Phys.  Status  Solidi 
A  175  (1999)  R3. 

[8]  M.U.  Lehr.  B.  Li tzen burger.  J.  Kreissl.  U.W.  Pohl, 
H.R.  Seibert.  H-J.  Schulz.  A.  Klimakow.  L.  Worschech, 
J.  Phys.:  Condcns.  Mater  9  (1997)  753. 

[9]  M.  Surma,  M.  Godlewski.  T.P.  Surkova.  Phvs.  Rev.  B  50 
(1994)8319. 


ELSEVIER 


Physica  B  308-310  (2001)  945-948 


www.elsevier.com/1ocate/physb 


Donor-acceptor  pair  transitions  in  ZnO  substrate  material 

K.  Thonke*,  Th.  Gruber,  N.  Teofilov,  R.  Schonfelder,  A.  Waag,  R.  Sauer 

Universitat  Ulm,  Abteilung  Halbleiterphysik,  Albert-Einstein-Allee  45,  D-89069  Ulm,  Germany 


Abstract 

We  investigate  the  state-of-the-art  ZnO  substrate  material  grown  by  seeded  chemical  vapour  transport.  The  low- 
temperature  photoluminescence  (PL)  spectra  are  dominated  by  very  sharp  bound  exciton  lines,  which  are  followed  by 
two-electron  satellite  transitions.  This  identifies  the  major  bound  exciton  lines  as  donor  related  and  allows  us  to  derive  a 
binding  energy  of  »40meV  for  the  very  similar  donors  observed  here.  From  a  donor-acceptor  pair  transition  at 
^3.22eV  and  its  associated  band-acceptor  line  emerging  at  sample  temperatures  above  40  K,  we  calculate  the  acceptor 
binding  energy  as  »195meV.  Hall  data  confirm  these  findings.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnO;  Two-electron  satellite;  Donor-acceptor  pair  transition;  PL 


1.  Introduction 

The  semiconductor  ZnO  with  its  direct  band  gap 
of  »3.5eV  is  a  possible  candidate  for  optoelectronics 
in  the  UV  and  blue  spectral  ranges.  It  was  initially 
investigated  nearly  40  years  ago  [1,2]  and  the  wurtzite 
type  band  structure  was  also  analysed.  ZnO  is  typically 
n-type,  and  light-emitting  diodes  could  only  be  prepared 
with  metal-semiconductor  contacts  [3].  The  nature  of 
the  dominant  native  donor  is  still  under  debate: 
experimental  and  theoretical  works  provide  arguments 
for  either  interstitial  zinc  or  oxygen  vacancies  [4]. 

Attempts  to  implement  p-type  doping  failed  for  a  long 
time.  Recently,  reports  on  successful  p-type  doping  of 
ZnO  were  published  [5],  and  theoretical  work  also 
predicted  that  co-doping  should  allow  to  produce 
shallow  acceptors  [6,7]. 

The  low-temperature  photoluminescence  (PL)  spec¬ 
trum  of  ZnO  has  been  investigated  in  many  aspects  in 
the  previous  work.  Around  30  sharp  donor-  and 
acceptor-bound  exciton  lines  were  reported  in  the 
narrow  energy  range  from  3.348  to  3.372 eV  close  to 
the  free  XA  and  Xb  exciton-polariton  (for  a  tabulation, 
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see  [8]),  and  quite  a  few  have  been  analysed  in  Zeeman 
measurements.  Nevertheless,  the  chemical  origin  of  the 
underlying  dopant  atoms  remained  unclear.  Also,  the 
ionisation  energy  of  the  dominant  donor  as  determined 
from  temperature  dependent  Hall  or  conductivity 
measurements  shows  a  spread  from  20  to  130meV  [8]. 


2.  Experimental  and  results 

The  ZnO  substrates  have  been  obtained  from  Eagle 
Picher  (USA).  They  were  grown  by  a  seeded  chemical 
vapour  transport  (SCVT)  technique.  Hall  measurements 
between  45  and  360  K  have  been  performed  using  a  van 
der  Pauw  geometry  and  a  standard  DC  measurement 
set-up.  Ti/Au  contacts  have  been  fabricated  by  a  simple 
evaporation  technique.  Typical  carrier  concentrations 
at  room  temperature  of  (1-2)  x  1017cm~3  have  been 
obtained.  At  45  K,  the  carrier  concentration  is  in  the 
8xl014cm"3  range.  We  simulated  the  experimental 
n(T)  curve  using  Fermi  statistics  and  solving  the 
charge  neutrality  equation  numerically  under  the  assump¬ 
tion  of  partial  compensation.  We  obtain  a  donor  concen¬ 
tration  of  1.7  x  1017cm”3,  a  donor  activation  energy 
of  35  +  5meV,  and  a  concentration  of  compensating 
acceptors  of  2  x  1015cm-3.  The  carrier  mobility  changes 
from  a  value  of  (1 00-200)  cm2  V-1  s"1  at  room  tempera¬ 
ture  to  «800cm2V_1s  1  at45K. 
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In  high  resolution  X-ray  diffraction  (HRXRD)  (o-  and 
0/20-scans  on  several  substrates,  we  observe  in  several 
cases  asymmetric  contributions  to  the  main  peak  within 
Bragg  angles  of  ^0.1°,  which  are  %  l|  orders  of 
magnitude  less  intense.  This  hints  at  the  existence  of 
polycrystals  in  the  substrate,  which  are  slightly  tilted 
relative  to  the  main  c-axis. 

For  the  optical  characterisation,  we  recorded  reflec¬ 
tion  spectra  at  4.2  K  in  order  to  get  information  on  the 
fundamental  excitonic  band  gaps.  From  a  fit  to  the  very 
pronounced  resonances  due  to  the  A  and  B  exciton- 
polariton  (w  =  1,2)  states  observable  in  a  (E±k||c) 
configuration,  we  determine  for  the  excitonic  band  gaps 
£x.a  —  (3374+ 1)  me V,  E\  B  =  (3380+  l)meV,  and  for 
the  exciton  binding  energies  £HXA  =  64meV  and 
£bx.b  =  53  meV.  This  results  in  an  energy  for  the 
fundamental  A  band  gap  of  ES  J\  =  3.438  eV  (literature 
value:  3.441  eV  [8]). 

The  low-temperature  PL  spectra  are  dominated  by 
several  close  lying  bound  excitons  in  the  range  from 
3.3595  to  3.364 eV  (see  Fig.  1.  inset).  According  to  the 
literature  [8],  the  most  intense  line  at  3.3628  me V  is 
commonly  assigned  to  a  donor-bound  exciton  (“14"), 
whereas  the  slightly  weaker  line  at  3.3597  eV  is  closer  to 
the  location  of  the  acceptor-bound  exciton  “Is’\  All 
these  lines  are  replicated  at  29.9  meV  lower  energy  in  the 
region  labelled  “TES"  (  =  two-electron  satellite).  A 
“TES"  related  to  a  donor-bound  exciton  (D°,  X)  occurs 
in  the  spectrum,  if  in  the  bound  exciton  recombination 
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Fig.  1.  PL  overview  spectrum  of  ZnO  substrate  material 
recorded  at  4.2 K.  The  bound  exciton  lines  at  se3.36cV  arc 
followed  by  a  two-electron  replica  (“TES”)  30meV  low  in 
energy.  At  3.220  eV.  the  donor -acceptor  pair  transition 
(D°,  A°)  is  observed.  All  lines  arc  repeated  as  LO  phonon 
replicas.  Inset:  high  resolution  PL  spectrum  of  the  bound 
exciton  region  (resolution  =  50  peV). 


process  the  neutral  donor  (i.e.  the  final  state  of  the 
recombination  process)  is  excited  from  the  Is  ground 
state  to  an  excited  state  like  2s,  2p,  etc.  In  Fig.  2.  the 
(logarithmic)  PL  spectrum  of  the  BEs  is  shiTted  by 

29.9  meV  and  compared  to  the  TES  part.  Apart  from  a 
line  broadening,  the  TES  spectrum  mirrors  the  principal 
bound  exciton  spectrum.  This  strongly  suggests  that  not 
only  the  upper  BE  line  is  a  donor  bound  exciton,  but 
even  the  lower  energy  lines  around  3.360  eV  are  donor- 
(and  not  acceptor-)  related.  (This  does  not  apply  for  the 
next  weaker  line  at  3.3566 eV.)  Zeeman  measurements 
confirm  this  conclusion  [9].  Obviously,  we  are  concerned 
with  several,  but  very  similar  donors  in  the  ZnO 
substrate  material.  From  the  spacing  of  the  TES 
lines  from  the  (Dn,X)  lines,  we  directly  obtain  the 
energy  splitting  ls*-+(2s/p)  of  the  lowest  donor  states: 
For  the  dominant  donor  in  the  present  sample  this 
splitting  is  (29.9  +  0.2)  meV.  Assuming  that  the  effective- 
mass  theory  gives  a  good  description  of  these  donors 
and  neglecting  central  cell  corrections,  the  ionisation 
energy  for  these  donors  should  be  4/3  x  29.9  meV  = 

39.9  meV.  The  origin  of  the  similarly  structured,  but 
weaker  hump  at  %  3.320 eV,  shifted  by  1 1.4  meV  relative 
to  the  TES,  is  presently  not  clear.  Transitions  Is->3(s/p) 
to  the  next  higher  excited  states  would  require  an  energy 
of  %(l  —  ^)  x £[>  =  35.5  meV,  i.e.  they  would  be  shifted 
by  further  5.6  meV  relative  to  the  I s  — v 2(s/p)  transition 
described  above.  Possibly,  the  band  at  %  3.320  eV  is  also 
a  TES  due  to  a  second  donor  with  a  higher  binding  of 
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Fig.  2.  Details  of  the  BE  (upper  trace,  top  energy  scale)  and 
the  TES  regions  (lower  trace,  bottom  energy  scale)  in  PL 
in  comparison.  The  major  features  of  the  BE  pattern  can  be 
rediscovered  in  the  TES  spectrum,  and  similarly  repeated  in  the 
next  peak,  which  is  1 1.4 me V  low  in  energy.  Note  that  the  top 
energy  axis  is  shifted  by  29.9  meV  relative  to  the  bottom  energy 
axis.  Inset:  The  excitation  of  the  D°  final  slate  taking  place  in 
the  recombination  process,  which  results  in  the  “TES”  line. 
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4/3  x  (29.9  +  1 1 .4)  meV  =  55  meV.  Independent  evidence 
that  the  major  BE  lines  are  donor- related  comes  from  the 
relative  weak  coupling  to  LO  phonons  for  all  these 
transitions:  The  LO  replicas  are  roughly  two  orders  of 
magnitude  less  intense  than  the  BE  lines.  This  is  similar 
to  the  case  of  GaN  and  II-VI  semiconductors,  where 
(D°,X)  lines  commonly  couple  only  weakly  with  the 
optical  phonons,  while  the  (A°,X)  lines  show  much 
more  intense  replicas. 

After  having  found  a  reliable  value  for  the  binding 
energy  of  the  dominant  native  donors  present  in  the 
ZnO  substrate,  we  can  take  a  closer  look  at  the  donor- 
acceptor  pair  transition  (D°,A°).  This  is  observed  at 
3.220  eV  in  the  PL  spectrum  (Fig.  3).  For  low  sample 
temperatures,  this  line  is  much  broader  than  the  BE 
lines.  It  is  followed  by  a  series  of  LO  replicas,  which  are 
relatively  intense  (hinting  at  the  participation  of  an 
acceptor  in  this  transition).  With  the  increasing  sample 
temperature,  its  intensity  drops,  and  an  adjacent  line  at 
3.236 eV  on  the  high  energy  side  increases  and  gains 
intensity.  This  temperature  dependence  is  typical  of 
donor-acceptor  pair  transitions  (D°,A°)  turning  into 
free  electron-acceptor  transitions  (e,  A0),  when  the 
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Fig.  3.  Series  of  PL  spectra  of  ZnO  substrate  material  recorded 
at  different  temperatures.  The  plots  are  vertically  shifted,  each 
for  a  better  visibility.  Between  30  and  100K  the  donor-acceptor 
pair  transition  at  3.220  eV  decreases,  and  the  adjacent  band- 
acceptor  transition  at  3.236  eV  increases.  (The  strong  BE  lines 
are  saturated  due  to  the  long  exposure  time  of  the  CCD 
camera.) 


donors  are  thermally  ionised.  If  the  average  density  of 
the  dominant  impurity  is  known  from  Hall  measure¬ 
ments,  then  the  donor  binding  energy  ED  can  be 
calculated  from  the  energy  difference  of  the  peak 
position  of  the  (D°,  A0)  and  (e,  A0)  lines  (see,  e.g.  [10]): 

Ed  =  [£(e,  A0)  -  khT/ 2]  -  [£(D°,  A0)  -  a<3].  (1) 

Here,  iV^3  represents  the  average  distance  of  the 
donors,  and  a  is  a  material  dependent  constant  [8] 

a  =  =  2-7x  10-8  eVcm 

V  3  4neoe 

for  a(ZnO)  =  8.6.  (2) 

This  constant  is  needed  to  calculate  the  average 
Coulomb  energy  between  D°  and  A0  after  the  recombi¬ 
nation  process.  Using  the  data  determined  for  our 
substrates,  we  calculate  a  value  of  isD«28meV.  This 
value  is  less  reliable  than  the  one  determined  from  the 
TES<->(D°,X)  energy  spacing,  but  is — within  the 
expected  accuracy — compatible  with  the  latter  one  and 
the  Hall  data.  With  the  Knowledge  of  ED  and  ND,  we 
proceed  in  calculating  the  acceptor  energy  from  the 
absolute  spacing  of  the  (D°,  A0)  line  from  the  band  gap: 

Ea  =  [£gap  -  Ed]  -  [£(D°,  A0)  -  oc<3].  (3) 

If  we  use  the  value  of  Fgap  =  3.438  eV  determined  from 
our  reflection  data,  then  we  get  an  ionisation  energy 
Ea  =  (195+  10)meV  for  the  unintentional  acceptor 
present  in  the  ZnO  substrate.  The  chemical  nature  of 
this  relatively  shallow  acceptor  remains  presently 
unclear.  Recent  first-principle  calculations  predict  for 
the  Zn  vacancy  a  much  higher  ionisation  energy  of 
»0.8  eV,  which  seems  to  rule  out  Vzn  as  the  acceptor  in 
our  ZnO  substrates.  A  good  candidate  for  the  acceptor 
might  be  substitutional  nitrogen  on  O  sites,  for  which  a 
binding  energy  of  ^200  me V  was  calculated  [11].  The 
chemical  analysis  of  the  substrate  material  indeed 
indicates  as  the  most  abundant  impurity  nitrogen  with 
a  content  of  «2ppm  [12].  The  donors  with  30meV 
binding  energy  might  be  possibly  due  to  the  interstitial 
hydrogen  [4], 


3.  Conclusions 

We  investigate  the  principal  PL  features  in  ZnO 
substrate  material  and  identify  the  major  bound  exciton 
recombination  lines  as  donor-related.  From  the  two- 
electron-transitions  observed  for  these  (D°,X)  lines,  we 
obtain  an  exact  value  for  the  energy  difference  between 
the  donor  Is  and  2(s,p)  ground  states,  and  thus  a  very 
reliable  estimate  for  the  donor  ionisation  energy 
£d  =  40  meV.  The  donor-acceptor  pair  transition  at 
3.220 eV  allows  to  determine  the  binding  energy  of  the 
acceptor  involved  as  £A~195meV.  The  chemical 
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species  responsible  for  the  acceptor  might  be  nitrogen, 
whereas  the  donor  could  be  hydrogen. 


Acknowledgements 

We  thank  N.  Kerwien  and  M.  Haupt  for  assistance  in 
the  experiments. 


References 

[1]  J.L.  Birman.  Phys.  Rev.  Lett.  2  (1959)  157. 

[2]  D.G.  Thomas.  J.  Phys.  Chem.  Solids  15  (1960)  86. 

[3]  T.  Minami.  S.  Takata.  M.  Yamanishi.  T.  Kawamura,  Jpn. 
J.  Appl.  Phys.  18  (1979)  1617. 

[4]  A.F.  Kohan.  G.  Cedcr.  D.  Morgan.  C.G.  Van  dc  Wallc. 
Phys.  Rev.  B  61  (2000)  15019.  and  references  therein. 


[5]  Y.R.  Ryu.  S.  Zhu.  D.C.  Look,  J.M.  Wrobel.  H.M.  Jeong. 
H.W.  White.  J.  Cryst.  Growth  216  (2000)  330. 

[6]  T.  Yamamoto,  H.  Katayama-Yoshida.  Jpn.  J.  Appl.  Phvs. 
38  (1999)  L166. 

[7]  T.  Yamamoto.  H.  Katayama-Yoshida.  J.  Cryst.  Growth 
214/215  (2000)  552. 

[8]  Landolt/Bornstcin,  in:  U.  Rosslcr  (Ed.).  Numerical  Data 
and  Functional  Relationships  in  Science  and  Technolo¬ 
gy — New  Series  III.  Vol.  41 B,  Springer.  Berlin.  1999, 
p.  85tT.  and  references  therein. 

[9]  K.  Thonke,  et  al„  to  be  published. 

[10]  M.  Korbl,  K.  Kornitzer,  M.  Mayer,  M.  Kamp.  K.  Thonke, 
R.  Sauer,  Proceedings  of  the  24th  International  Con¬ 
ference  on  the  Physics  of  Semiconductors.  Jerusalem.  1998, 
World  Scientific,  Singapore.  1999,  article  No.  1439. 

[1 1]  C.  van  de  Walle,  private  communication. 

[12]  Eagle  Pichcr.  private  communication. 


ELSEVIER 


Physica  B  308-310  (2001)  949-953 


www.elsevier.com/Iocate/physb 


Optical  properties  and  surface  morphology  of  Li-doped  ZnO 
thin  films  deposited  on  different  substrates  by  DC  magnetron 

sputtering  method 

Galal  A.  Mohamed,  El-Maghraby  Mohamed*,  A.  Abu  El-Fadl 

Physics  Department,  Faculty  of  Science,  Assiut  University,  Assiut  71516,  Egypt 


Abstract 

Thin  films  of  zinc  oxide  doped  with  Znl  vLi  vO  with  x  =  0.2  (ZnO :  Li),  have  been  prepared  on  sapphire,  MgO  and 
quartz  substrates  by  DC  magnetron  sputtering  method  at  5mTorr.  The  substrate  temperatures  were  fixed  to  about 
573  K.  We  have  measured  the  transmission  and  reflection  spectra  and  determined  the  absorption  coefficient,  optical 
band-gap  (E^1),  the  high  frequency  dielectric  constant  e'x.  and  the  carrier  concentration  N  for  the  as-prepared  films  at 
room  temperature.  The  films  show  direct  allowed  optical  transitions  with  E^x  values  of  3.38,  3.43  and  3.29  eV  for  films 
deposited  on  sapphire,  MgO  and  quartz  substrates,  respectively.  The  dependence  of  the  obtained  results  on  the 
substrate  type  are  discussed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnO  :  Li  films;  DC  sputtering;  Band  gap;  Optical  properties 


1.  Introduction 

Among  different  oxides,  ZnO  thin  films  (undoped  and 
doped)  have  in  recent  years  been  rediscovered  as  a 
subject  of  considerable  research  interest  due  to  their  very 
unique  physical  properties  (piezoelectricity,  conductiv¬ 
ity,  magnetic  and  optical)  and  a  wide  range  of  possible 
device  applications.  Special  care  is  directed  to  optical 
and  magnetic  memory  devices,  laser  systems,  blue  light 
diodes,  solar  cells  (transparent  conducting  electrodes), 
displays,  ultrasonic  transducers  and  sensors  [1-3].  Since 
ZnO  has  the  hexagonal  structure  (Wurtzite  type)  with 
four-fold  tetrahedral  coordination  [4]  and  lies  in  the 
border  between  ionic  and  covalent  semiconductors  (II- 
VI),  it  is  both  suitable  and  important  for  fabrication  of  a 
high-quality  oriented  or  epitaxial  thin  film  which  shows 
typical  n-type  piezoelectric  semiconductor  character. 
This  is  besides  the  fact  that  ZnO-based  semiconductors 
can  cover  the  same  wavelength  as  GaN  with  an  excitonic 
band  energy  much  larger  than  that  of  GaN  with  large 
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direct  band-gap  (3. 1-3.32 eV).  Hence,  ZnO-based  thin 
films  are  increasingly  being  used  as  potential  materials 
for  highly  coherent  light  generation  and  in  optical 
devices  in  the  blue  to  UV  wavelength  region. 

In  order  to  develop  ZnO  films  with  high  quality  for 
devices  with  good  performance,  it  is  necessary  to  clarify 
the  role  and  effect  of  so  many  additives,  different 
conditions  of  growth  and  substrate  types.  This  will 
result  in  different  microstructures  being  suitable  for 
different  applications.  Now,  it  is  well  established  that 
doping  ZnO  with  A1  ions  decreases  its  resistivity  while 
doping  with  Li  ions  increases  its  resistivity  [5-8]  and 
induces  a  ferroelectric  phase  suitable  for  optical  memory 
devices  [5,9-10]. 

The  study  of  optical  constants  with  their  variation 
with  frequency  enables  to  make  correlation  with  the 
band  structures  derived  by  other  methods. 

In  this  research,  ZnO :  Li  thin  films  have  been 
prepared  on  sapphire,  quartz  and  MgO  substrates  at 
~  573  K  by  DC  magnetron  sputtering  method.  Our  goal 
is  to  investigate  growth  and  microstructure  of  ZnO :  Li 
thin  films.  Another  goal  is  to  measure  the  absorption, 
reflectance  and  determine  the  optical  band-gap  (E°%x), 
the  high  frequency  dielectric  constant  4  and  the  carrier 
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concentration  N  for  the  as-prepared  films  at  room 
temperature  and  discuss  its  dependence  on  the  type  of 
substrate. 


2.  Experimental 

Using  DC  magnetron  sputtering  method,  we  prepared 
ZnO:Li  thin  films  deposited  on  sapphire  MgO  and 
quartz  substrates.  The  sputtering  target  was  a  mixture  of 
Li  powder  and  Zn  powder,  with  atomic  ratio  of  Zn/Li 
(80/20),  pressed  on  a  copper  saucer  with  diameter  of 
100  mm.  Li  powder  was  mixed  in  20%  excess  in  order  to 
compensate  the  loss  of  Li  during  deposition.  It  is 
necessary  to  continue  sputtering  for  over  40  h  to  make 
the  target  surface  Li-rich  and  the  film  composition  was 
saturated  to  the  value  nearly  equal  to  the  target 
composition.  The  deposition  time  for  this  experiment 
is  fixed  to  be  about  3  h  long.  When  the  film  samples  were 
deposited,  presputtering  was  carried  out  for  5  min  before 
opening  the  shutter  which  covered  the  substrate.  The 
discharge  was  a  mixture  of  Ar  and  0:  with  the  ratio 
70:30  and  its  pressure  was  about  5mTorr.  The  voltage 
was  fixed  to  310V  and  the  current  was  about  110mA. 
The  substrate  temperature  was  fixed  at  573 K.  After 
deposition,  the  samples  were  immediately  cooled  to 
room  temperature.  The  identification  of  the  crystalline 
structure  and  surface  morphology  were  performed  by  X- 
ray  diffraction  analysis  (XRD)(Phlips  Type:  1710)  using 
CuK,  radiation  (7.  =  1.54 18  A)  and  scanning  electron 
microscope  (SEM  Jeol  type:  JSM-5400  LV). 

The  optical  transmittance  and  reflectance  of  ZnO :  Li 
films  were  recorded  using  Shimadzu  UV-VIS  2101  PC 
dual  beam  spectrometer  in  the  wavelength  range  from 
190  to  900  nm.  The  measurements  were  carried  out  at 
room  temperature  with  surrounding  medium  of  dried  air. 


3.  Results  and  discussion 

Typical  XRD  measurements  of  the  as  -deposited  films 
are  shown  in  Fig.  1(a).  It  is  clear  that  the  type  of 
substrate  plays  an  important  role  in  the  crystallinity  of 
the  ZnO :  Li  films.  The  films  deposited  onto  quartz 
substrates  showed  a  large  peak  at  20^34',  which  was 
attributed  to  (002)  ZnO.  This  indicates  that  the 
deposited  film  has  a  good  orientation  along  the  e-axis. 
For  films  deposited  on  MgO  and  Sapphire  substrates,  c- 
axis  ordering  is  degraded  as  shown  in  Fig.  1(a)  but  they 
still  give  the  Wurtzite  hexagonal  structure.  SEM  images 
revealed  smooth  surface  morphology  without  cracks  and 
hillocks,  see  Fig.  1(b).  The  grain  distribution  is  uniform 
but  dense  microstructure  is  relevant  in  films  deposited 
onto  quartz  substrate. 

The  optical  transmission  and  reflection  spectra  are 
given  in  Figs.  2  and  3  in  the  wavelength  from  300  to 


800  nm.  The  observed  high  transmitivity  of  these  films 
suggests  that  ZnO :  Li  films  have  good  transparency, 
especially  above  700  nm  wavelength. 

The  total  absorption  coefficient  was  calculated  using 
the  relation  [11] 


~(1  ~  Rf 

2  T  + 


fa  -*)4 

\  4  T- 


(1) 


where  d  is  the  thickness.  R  is  the  reflectance  and  T  is  the 
transmittance. 

Generally,  the  equation  (written  here  in  a  simplified 
form)  used  to  determine  the  band-gap  nature  and  the 
value  of  (the  gap  energy)  is  [12] 

(y.hv)  —  A(hv  ~  E')n.  (2) 

Here,  A  is  a  constant  that  depends  on  the  transition,  hv 
is  the  photon  energy  and  E'  the  transition  energy  (£^’ 
for  direct  transitions.  ± Ep  for  indirect  transitions 
[13],  i.e.  £p  being  the  energy  of  the  associated  phonon) 
and  the  value  of  the  exponent  n  depends  on  the  nature  of 
the  optical  transition  type  (n  =  i  2,  |  for  allowed  and 
forbidden  indirect  transitions,  and  for  allowed  and 
forbidden  direct  ones,  respectively).  An  analysis  of  the 
absorption  spectrum  of  Fig.  2  shows  that  the  absorption 
coefficient  can  be  reasonably  well  fitted  by  Eq.  (2)  with 
n  =  l  This  means  that  (ZnO :  Li  )  films  deposited  on 
sapphire,  MgO  and  quartz  substrates  have  an  allowed 
direct  interband  transition  which  corresponds  to  the 
fundamental  absorption  edge  of  these  films. 

Fig.  4  shows  the  plot  of  (zhv)~  versus  photon  energy 
near  the  absorption  edge  of  ZnO:  Li.  Values  of  the 
optical  energy  gap  for  films  deposited  on  sapphire.  MgO 
or  quartz  substrates  are  obtained  by  extrapolating  the 
linear  regions  to  (yJivf  =  0.  Values  of  the  room 
temperature  optical  energy  gap  E^x  and  the  constant 
A  are  listed  in  Table  1.  It  is  clear  that  the  obtained 
values  of  Eff  depend  on  the  substrate  type.  Also,  the 
admixture  of  ZnO  with  Li  ions  generally  increases  the 
value  of  E1^1  over  that  of  pure  ZnO  films.  We  can  say 
that  Li  doping  converts  the  shallow  donor  Zn  sublevels 
to  deep  sublevels  below  the  conduction  band.  This 
coincides  with  the  results  of  Sbrveglieri  et  al.  [14].  They 
conclude  that  Li  ions  lead  to  the  formation  of  two  deep- 
level  donors  in  ZnO  thin  films  which  are,  respectively, 
0.38  and  0.81  eV  below  the  conduction  band,  while  the 
undoped  films  show  two  levels  at  0.16  and  0.48  eV.  In 
the  case  of  the  quartz  substrate,  the  value  of  E°£{  is  near 
to  that  of  pure  ZnO  films  which  may  be  attributed  to  the 
very  good  e-axis  orientation  in  this  case  (see.  Fig.  1  (a)). 

For  a  better  understanding  of  the  physical  properties 
of  ZnO:  Li  films,  it  is  interesting  to  study  some  optical 
constants  used  to  describe  the  optical  properties,  e.g.  the 
high-frequency  dielectric  constant  e'y  and  the  relative 
carrier  concentration  Njtn  . 
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Fig.  1.  (a)  X-ray  diffraction  patterns  and  (b)  SEM  images  of  the  as-prepared  ZnO :  Li  films  deposited  on  sapphire,  MgO  and  quartz 
substrates  at  573  K. 


Table  1 

Optical  constants  for  as-prepared  ZnO :  Li  films  deposited  on  sapphire,  MgO  and  quartz  substrates 


Physical  quantity 

Films  deposited  on 

Films  deposited  on 

Films  deposited  on 

sapphire  substrates 

MgO  substrates 

quartz  substrates 

Direct  allowed  energy  gap  (eV) 

The  constant  (A  x  10 l2) 

3.384  +  0.05 

3.425+0.05 

3.285+0.05 

2.45 

3.61 

3.93 

High-frequency  dielectric  constant  (4 ) 

8.33+0.05 

9.06  ±0.05 

4.13  +  0.05 

N/m*  (1021  cm"3) 

8.07+0.05 

8.65+0.05 

3.39  +  0.05 

Accordingly  [15],  the  real  component  of  relative 
permittivity  (s')  and  the  square  of  the  wavelength  (A2) 
are  related  by 

s'  =  rr  =  (1  +  Vr/1(\  -  VR))2, 


=  s'  —  e2 /nc2N /m*)?,  (3) 

where  n  is  the  refractive  index,  e  is  the  electronic  charge 
and  c  the  velocity  of  light. 

From  this  equation,  the  high-frequency  component  of 
the  relative  permittivity  (e'x)  and  the  ratio  of  the  carrier 
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Fig.  2.  Spectral  distribution  of  the  optical  transmittance  for  the 
as-prepared  ZnO :  Li  films  deposited  on  sapphire.  MgO  and 
quartz  substrates  at  573  K. 


hu(  eV) 


Fig.  4.  Relation  between  (a/iv)2  and  photon  energy  (hv)  for  the 
as-prepared  ZnO :  Li  films  deposited  on  sapphire,  MgO  and 
quartz  substrates  at  573  K. 


Fig.  3.  Spectral  distribution  of  the  optical  reflectance  for  the  as- 
prepared  ZnO :  Li  films  deposited  on  sapphire.  MgO  and  quartz 
substrates  at  573  K.  The  inset  is  the  real  dielectric  permittivity 
(*:')  versus 


concentration  to  the  effective  mass  Njm*  could  be 
determined. 

The  inset  of  Fig.  3  shows  the  relation  between  relative 
permittivity  (*;')  and  )?  for  (ZnO :  Li  )  films  deposited  on 
sapphire,  MgO  and  quartz  substrates.  It  can  be  noticed 
that  relative  permittivity  decreases  exponentially  with 
increasing  To  obtain  the  high-frequency  dielectric 
constant.  Eq.  (4)  was  applied  on  the  linear  parts  of  these 
curves.  The  values  of  f!a  and  Njm*  are  given  in  Table  1 . 

In  general,  it  can  be  concluded  that  both  the  the  high- 
frequency  dielectric  constant  and  the  ratio  Njm*  are 
related  to  the  internal  microstructure,  as  can  be 
emphasized  by  considering  the  results  in  Table  1  together 


with  those  in  Fig.  3,  most  of  the  changes  in  the  Njm*  ratio 
are  regarded  as  corresponding  to  the  change  in  N. 


4.  Summary 

Zn,  vLivO  films  with  .v  =  0.2  onto  sapphire,  MgO 
and  quartz  substrates  are  prepared  by  DC  sputtering 
method  at  about  573  K.  The  films  are  highly  oaxis- 
oriented.  normal  to  the  surface  with  high  transmittance 
in  the  case  of  quartz  substrate,  while  non-uniform 
orientation  with  reduced  transmittance  is  obtained  for 
both  sapphire  and  MgO  substrates.  The  films  show 
direct  allowed  optical  transitions  with  E^1  values  of 
3.38,  3.43  and  3.29 eV  for  films  deposited  on  sapphire. 
MgO  and  quartz  substrates,  respectively.  Values  of 

and  Njm  are  dependent  on  the  substrate  kind.  It  is 
important  to  study  the  effect  of  temperature  on  the 
optical  properties  of  ZnO:  Li  thin  films.  These  films  are 
good  to  examine  the  ferroelectric  phase  transition  at 
613  K  by  optical  measurements  at  high  temperatures 
above  ambient,  this  is  now  under  study.  In  this  case,  the 
present  samples  will  be  very  suitable  for  applications  in 
optical  memory  devices. 


Acknowledgements 

We  do  thank  Prof.  T.  Yamazaki  of  Toyama 
university,  Japan,  for  the  facilities  provided  during  the 
preperation  of  the  specimens. 


References 

[1]  F.S.  Hickcrncll.  IEEE  Trans.  MTT  17  (1969)  957. 


G.A.  Mohamed  et  al.  /  Physica  B  308-310  (2001)  949-953 


953 


[2]  C.  Campbell,  Surface  Acoustic  Wave  Devices  and  Their 
Signal  Processing  Applications,  San  Diego,  Academic 
Press,  1989. 

[3]  T.  Shiozaki.  M.  Ooishi,  S.  Ohmishi,  A.  Kawabata, 
Proceedings  of  the  First  Meeting  on  Ferroelectric  Materi¬ 
als  and  Their  Applications,  Kyoto,  1977,  p.  43. 

[4]  H.D.  Megaw,  Crystal  Structures,  A  Working  Approach, 
W.B.  Sounders  Company,  Philadelphia,  1973,  p.  88. 

[5]  E.D.  Kolb,  R.A.  Laudise,  J.  Am.  Ceram.  Soc.  49  (1966) 
302. 

[6]  S.  Takada,  J.  Appl.  Phys.  73  (10)  (1993)  4739. 

[7]  F.S.  Mahmood,  R.D.  Gould,  Thin  Solid  Films  253  (1994) 
529. 

[8]  K.  Tominaga,  M.  Kataoka,  T.  Ueda,  M.  Chong,  Y. 
Shintani,  I.  Mori,  Thin  Solid  Films  9  (1994)  253. 


[9]  Z.C.  Jin,  I.  Hamberg,  C.G.  Granqvist,  J.  Appl.  Phys.  64 
(1988)  5117. 

[10]  M.  Joseph,  H.  Tabata,  T.  Kawai,  Appl.  Phys.  Lett.  74  (19) 
(1999)  2534. 

[11]  Pankove,  J.I.,  Optical  Processes  in  Semiconductors, 
Dover,  New  York,  1971,  p.  103. 

[12]  T.S.  Moss,  Semiconductor  Opto-electronics,  Butterworths, 
London,  1973,  p.  48  (Chapter  3). 

[13]  I.  Watanbe,  T.  Okumura,  Jpn.  J.  Appl.  Phys.  25  (1986) 
1851. 

[14]  G.  Sberveglieri,  S.  Groppelli,  P.  Nelli,  F.  Quaranta,  A. 
Valentini,  L.  Valentini,  Sensors  Actuators  B  7  (1992)  747. 

[15]  M.  Di  Giulio,  D.  Manano,  R.  Rella,  P.  Siciliano,  A. 
Tepore,  Solar  Energy  Mater.  15  (1987)  209. 


ELSEVIER 


man; 

Physica  B  308  310  (2001)  954  957  - 

www.clscvier.com/Ioeate/physb 


Metastable  defect  characterization  in  Cdo.9Mno.1Te :  In 

E.  Placzek-Popkoa’*,  P.  Beclab 

11  Institute  of  Physics,  Wroclaw  University  of  Technology,  Wyhrzeze  Wyspianskiego  27,  50  370  Wroclaw,  Poland 
1 Department  of  Materials  Science  and  Engineering.  Massachusetts  Institute  of  Technology ,  Cambridge,  USA 


Abstract 

In  indium  doped  Cd„.9Mn{| .,Te,  the  presence  of  metastable  defects  has  been  detected  by  observation  of  persistent 
photoeffects.  By  DLTS  measurements  several  deep  levels  have  been  found  and  one  of  them  exhibited  thermally 
activated  capture  cross  section,  indicating  on  its  metastable  character.  Photocapacitance  measurements  performed  at 
liquid  nitrogen  temperature  yield  optical  threshold  energy  for  the  deep-shallow  transition  equal  to  around  0.75  eV.  This 
value  is  0.63  eV  higher  than  the  thermal  activation  energy.  The  large  difference  between  these  two  energies  has 
confirmed  strong  interaction  of  related  defect  with  surrounding  lattice.  (Pi  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  73.30 

Keywords:  Deep  levels:  Metastability;  CdTe 


1.  Introduction 

It  has  been  well  established  that  persistent  photo- 
effects  observed  in  many  III-V  and  II— VI  semiconduct¬ 
ing  compounds  are  due  to  the  presence  of  metastable 
defects  in  the  materials,  the  so-called  DX  centers.  For 
Cdj  vMnvTe:In  persistent  photconductivity  has  been 
reported  for  manganese  content  x  >  7%  [1].  These 
photoeffects  were  also  observed  by  us  in  indium  doped 
Cdo.9Mno.1Te  [2]  and  Cd0.xMn0;>Te  [3].  In  the  former 
case  the  persistent  photoeffects  were  observed  after 
exposure  of  the  samples  to  illumination  at  temperatures 
as  high  as  150K.  approximately.  Illumination  from  a 
halogen  lamp  at  77  K  increased  the  conductivity  of  the 
material  by  about  two  orders  of  magnitude  and  such 
high  conductivity  persisted  for  a  very  long  time  after 
turning  off  the  light  [2].  The  existence  of  metastable 
defects  in  this  material  has  been  further  confirmed  by  the 
results  of  thermally  stimulated  capacitance  studies. 
Identification  of  the  levels  responsible  for  the  persistent 
photoeffects  has  been  reported  in  Ref.  [2]:  DLTS  studies. 


♦Corresponding  author.  Tel.:  +48-71-320-2642;  fax:  +48- 
71-328-3696. 

E-mail  address:  popko'a  if.pwr.wroc.pl  (E.  Placzck-Popko). 


carried  out  within  the  77-360  K  temperature  range, 
revealed  five  distinct  traps.  One  of  the  traps,  labeled  as 
£1,  of  binding  energy  equal  to  0.12eV,  had  a  high 
concentration  and  its  capture  cross  section  was  found  to 
be  thermally  activated.  It  has  been  assumed  therefore 
that  trap  E 1  is  related  to  DX  center  in  the  studied 
Cd(,.yMn(,.|Te:In  and  this  trap  is  responsible  for  the 
persistent  photeffects  observed  in  the  material. 

Direct  evidence  for  DX  center  presence  in  the  material 
would  be  large  Stokes  shift,  i.e.  the  difference  between 
optical  threshold  and  thermal  activation  energy  of  the 
deep  level  associated  to  the  center.  The  aim  of  present 
paper  was  to  determine  the  photoionization  threshold 
energy  corresponding  to  the  metastable  defect  in  order 
to  evaluate  the  Stokes  shift.  For  this  purpose,  photo¬ 
capacitance  measurements  have  been  performed  and  the 
results  have  been  given  in  this  paper. 


2.  Experiment 

Experiments  were  performed  on  the  as-grown  samples 
of  indium  doped  Cd0.9Mn(UTe  processed  by  the  Bridg¬ 
man  method.  Prior  to  the  measurements,  the  samples 
were  annealed  in  cadmium  atmosphere  to  reduce  the 
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level  of  compensation  in  the  material  due  to  cadmium 
vacancies.  Slices  of  the  material  were  prepared  by 
mechanical  polishing  followed  by  chemical  etching  in 
2%  Br2  in  methanol  solution  to  remove  the  remaining 
surface  layer.  In  order  to  perform  capacitance  and 
DLTS  measurements,  Schottky  barriers  were  prepared 
by  evaporation  of  gold  1  mm2  layer  on  the  front  side  of 
the  samples  in  the  vacuum  of  10_6Torr.  Ohmic  contacts 
were  produced  by  soldering  indium  onto  the  fresh 
backside  surface.  Capacitance-voltage  measurements 
yielded  the  room  temperature  donor  concentration 
equal  to  2  x  10,6cm~3. 

The  photocapacitance  measurements  were  carried  out 
after  exposing  the  samples,  at  77  K,  to  monochromatic 
light.  Photons  of  energy  within  0.6-1.5eV  range  were 
used.  As  a  light  source  a  tungsten  lamp  was  applied.  The 
monochromatic  light  beam  coming  out  of  the  mono¬ 
chromator  was  focused  with  the  help  of  a  fiber  optic 
onto  the  sample,  mounted  in  the  sample  holder 
immersed  into  liquid  nitrogen.  It  should  be  pointed 
out  that  photocapacitance  measurements  are  used  as  a 
technique  complementary  to  DLTS.  The  DLTS  system 
(DLS-82E)  used  by  us  allows  determination  of  deep 
levels  of  energies  within  0. 1-0.9  eV  interval.  The  photo¬ 
capacitance  measurements  provide  us  with  missing 
higher  energy  levels. 

3.  Results  and  discussion 

The  photocapacitance  transient  measurements  com¬ 
prise  of  the  measurements  of  change  in  a  capacitance  of 
a  diode  due  to  photoemission  of  carriers  from  metasta- 
bly  occupied  deep  levels.  Initially  the  diode  is  cooled 
down  to  77  K  at  zero  voltage  bias,  so  that  the  deep  levels 
are  neutral  (here  in  the  case  of  an  n-type  sample, 
occupied  by  electrons).  At  this  temperature  reverse  bias 
is  superimposed  and  after  a  few  minutes,  when 
capacitance  reaches  its  quasi-equilibrium  value,  the  light 
is  switched  on  and  the  diode  is  illuminated  with 
monochromatic  light.  For  a  metal-n-type  semiconduc¬ 
tor,  electrons  photoemitted  from  the  metastably  occu¬ 
pied  levels  to  conduction  band  are  immediately  swept 
out  of  the  depletion  region  of  a  diode,  revealing  increase 
in  the  net  positive  charge  of  the  region  and  increase  in 
capacitance  of  a  diode.  The  capacitance  transients  are 
then  recorded  for  several  minutes  by  a  computer.  Since 
in  the  case  of  studied  material  photoionization  was 
persistent  at  77  K,  the  sample  had  to  be  warmed  up  to 
the  temperature  at  which  persistent  photoeffects  were  no 
more  observed  prior  to  measurement  for  each  wave¬ 
length. 

It  was  found  that  the  optical  threshold  for  the  light 
induced  capacitance  change  was  equal  to  0.67  eV. 
Exemplary  capacitance  transients  taken  at  77  K  for 
three  different  wavelengths,  1.65  (0.75  eV),  1.35  (0.92  eV) 


and  1  pm  (1.24  eV)  are  given  in  Fig.  1.  It  was  found  that 
only  the  capacitance  transients  related  to  photons  of 
energy  lower  than  0.83  eV  could  be  well  fitted  with  a 
single  exponential.  Photons  of  higher  energies  resulted  in 
photocapacitance  transients  composed  of  two  exponen¬ 
tials:  “fast”  component  of  time  constant  of  the  order  of 
seconds  and  “slow”  components  of  the  order  of  tenths 
or  hundreds  of  seconds,  already  existing  for  lower 
photon  energies.  The  first  component  dominated  capa¬ 
citance  transients  for  short  time  period  after  onset  of 
illumination,  whereas  the  slow  was  predominant  for  the 
longer  time  periods.  Above  statements  are  better 
documented  in  Fig.  2,  in  which  parts  of  the  transients 
presented  in  Fig.  1,  corresponding  to  the  capacitance 
under  illumination,  are  given  in  a  semi-logarithmic  plot. 
In  Fig.  2,  capacitance  change  due  to  illumination,  AC  = 
C(/)-C(0),  has  been  normalized  to  its  steady  state  value 
A =  C(oo)-C(0)  at  each  wavelength.  The  value  A Css 
was  determined  from  the  least  square  fit  of  capacitance 


Fig.  1.  Exemplary  capacitance  transients  for  indium  doped 
Cdo.9Mno.1Te  taken  at  77  K  for  three  different  wavelengths, 
1.65  (0.75 eV),  1.35  (0.92eV)  and  1  pm  (1.24 eV). 


Fig.  2.  The  parts  of  the  transients  presented  in  Fig.  1, 
correspond  to  the  capacitance  under  illumination.  The  capaci¬ 
tance  change  due  to  illumination,  AC  =  C(/)-C(0),  has  been 
normalized  to  its  steady  state  value  ACSS  =  C(co)-C(0)  at  each 
wavelength. 
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transients  by  a  single  exponential,  or  sum  of  exponen¬ 
tials,  if  necessary. 

The  results  of  photocapacitance  measurements  run 
within  0.6-1. 5  eV  photon  spectral  range  are  given  in 
Fig.  3.  In  the  figure,  the  dependence  of  steady  state 
capacitance  A CSK  on  photon  energy  is  shown.  The 
spectrum  increases  monotonically  for  photons  of  energy 
higher  than  0.67  eV.  Several  steps  can  be  distinguished  in 
the  spectrum.  In  Fig.  3  the  steps  have  been  marked  by 
arrows  and  corresponding  threshold  energies  have  been 
given.  The  steps  are  followed  by  a  plateau  (or  increase), 
excluding  the  1.3eV  threshold,  followed  by  a  decrease  in 
capacitance.  In  order  to  explain  the  results,  let  us  remind 
that  AC„(/iv)  is  proportional  to  the  sum  of  contributions 
from  different  levels,  located  within  energy  interval 
extending  up  to  fiv-  Each  level  introduces  a  step  in  the 
spectrum,  near  its  threshold  energy.  The  height  of  a  step 
is  related  to  the  trap  concentration  Nj  [4]: 


ACssccA't 


^  no 

£*no  4"  C p0 


(1) 


where  eno  and  evo  are  electron  and  hole  optical  emission 
rates,  and  it  has  been  assumed  that  thermal  emission 
processes  can  be  neglected  at  77  K.  If  the  process  of 
photoemission  of  electrons  dominates  over  the  photo¬ 
emission  of  holes,  then  A Css  is  directly  related  to  Nj. 
Comparing  results  presented  in  Fig.  3  with  Eq.(l)  we 
may  assume  that  for  all  measured  capacitance  transients 
excluding  those  connected  with  the  1.3  eV  threshold, 
photoemission  of  electrons  prevails  over  hole  photo¬ 
emission  in  spite  of  the  fact  that  the  higher  energy  levels 
are  close  to  the  valence  band.  According  to  Eq.  (1)  it 
means  that  for  all  measured  capacitance  transients 
besides  the  1.3eV  threshold,  photoemission  of  electrons 
prevailed  over  hole  photoemission  in  spite  of  the  fact 
that  the  higher  energy  levels  are  close  to  the  valence 
band.  This  fact  has  been  confirmed  by  MCTS  measure- 


Fig.  3.  Photocapacitance  spectrum,  i.e.  the  dependence  of 
steady  state  capacitance  ACSS  on  photon  energy.  The  value 
A Css  was  determined  from  the  least  square  fit  of  capacitance 
transients  by  a  single  exponential,  or  sum  of  exponentials,  if 
necessary. 


ments.  It  was  found,  that  only  one  hole  trap  is  present, 
located  O.I6eV  from  the  valence  band  top,  which  makes 
1.34eV  distance  from  the  bottom  of  conduction  band, 
approximately  equal  to  1.3eV  threshold. 

Assuming  therefore,  that  in  the  case  of  0.67,  0.75  and 
1.05  eV  thresholds,  ACsscc  Ah ,  we  may  conclude  that  the 
concentration  of  the  trap  related  to  the  second  threshold 
is  predominant,  and  the  contributions  from  the  third 
and  fourth  levels  can  be  neglected.  We  also  noted  that 
the  decay  of  all  the  transients  for  energy  higher  than  the 
second  threshold  was  much  faster  than  for  the  transients 
related  to  the  first  or  second  thresholds  (cf.  Fig.  1). 
Moreover,  we  also  found  that  turning  off  the  light  for 
energies  higher  than  0.9  eV  revealed  immediate  capaci¬ 
tance  fall  off  to  the  level  it  reached  for  this  energy.  The 
same  was  observed  for  the  transients  induced  by 
photons  higher  than  the  first  threshold  and  lower  than 
the  second,  after  turning  off  the  light  capacitance  relaxed 
to  the  value  it  had  for  0.65  eV.  Thus,  wre  may  assume 
that  the  first  two  thresholds  are  related  to  the  photo¬ 
emission  from  some  metastable  defects.  Bearing  this  in 
mind,  it  becomes  clear  that  the  two  exponentials,  “fast” 
and  “slow'”,  fitting  well  experimentally  determined 
capacitance  transients,  are  connected  with  photoioniza¬ 
tion  of  0.67  and  0.75  eV  deep  levels  related  to  the 
metastable  defects. 

Comparing  this  result  with  the  previously  mentioned 
suggestion  based  on  DLTS  studies,  that  level  E\  is 
related  to  a  metastable  defect,  we  come  to  the  conclusion 
that  one  of  the  two  thresholds  0.67  and  0.75  eV  has  to  be 
related  to  optical  transition  from  the  level  £1.  As  it  was 
mentioned  in  introduction,  level  E\  is  related  to  some 
metastable  defect  of  very  high  concentration.  Of  the 
two.  0.67  and  0.75  eV  transitions,  the  latter  is  referred  to 
as  transition  from  a  deep  level  of  very  high  concentra¬ 
tion.  Therefore,  it  seems  that  we  may  attribute  the 
0.75  eV  threshold  to  the  optical  transition  and  0.12eV 
energy  to  thermal  transition  from  the  same  deep  level, 
£1,  yielding  0.63  eV  Stokes  shift.  Such  a  high  value  of 
Stokes  shift  means  large  lattice  relaxation  for  the  defect, 
which  is  in  accordance  with  the  model  of  LLR  proposed 
for  DX  centers  in  II— VI  compounds  [5].  Thus,  obtained 
results  confirm  suggestion  that  the  level  £1  is  related  to 
DX  center  in  Cd().yMn0.|Te :  In. 


4.  Conclusions 

DLTS  studies  revealed  the  presence  of  a  deep  level, 
labeled  as  £1,  attributed  to  metastable  defect  in 
Cd{, ,yMn„  |Te:  In,  of  binding  energy  equal  to  0.12eV. 
The  photocapacitance  measurements  yield  photoioniza¬ 
tion  thresholds  at  energies  equal  to  0.67,  0.75,  1.05  and 
1.3  eV.  All  of  them,  besides  the  last  one  are  related  to 
electron  photoemission.  The  0.75 eV  threshold  is  related 
to  metastable  defects  of  a  very  high  concentration.  It  has 
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been  therefore  attributed  to  the  optical  transition  from 
the  level  E 1.  The  difference  between  the  optical  and 
thermal  transitions  for  the  level  El  yields  large  Stokes 
shift,  equal  to  0.63  eV.  Thus,  it  may  be  assumed  that  this 
level  is  related  to  DX  center. 
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Abstract 

Ab  initio  calculations  in  the  framework  of  density  functional  theory  are  employed  to  complement  experimental  PAC 
and  EPR  data  on  vacancies  in  CdTe.  The  Te  vacancy  is  found  to  be  a  negative-U  centre  with  a  laree  lattice  relaxation  in 
the  neutral  and  the  doubly  charged  state.  The  electronic  state  introduced  by  Vr<;  lies  below  the  valence  band  maximum 
for  VTe  and  shifts  to  above  the  conduction  band  minimum  for  VIc  .  An  experimentally  observed  electric  field  gradient 
is  interpreted  in  terms  of  acceptor  compensation  by  V-,1,.1 .  Experimental  data  available  for  the  Cd  vacancy  are  discussed 
in  the  context  of  the  calculated  electric  field  gradients.  A  Jahn-Teller  effect  for  VC  ll  is  not  confirmed,  t  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

FACS:  61.72.Vv;  71.55.Gs:  76.80.  +  y 

Keywords:  Vacancies;  CdTe:  EFG;  DFT 


1.  Introduction 

Besides  intentionally  introduced  dopants  and  residual 
impurity  atoms,  intrinsic  defects,  e.g.  vacancies  and 
interstitials,  can  strongly  influence  the  optical  and 
electrical  properties  of  semiconductors  and  consequently 
have  been  a  subject  of  intense  research  [1,2].  Except  for 
the  positron  annihilation  spectroscopy  (PAS),  most 
locally  sensitive  methods  investigate  vacancies  indirectly 
via  the  hyperfine  interaction  (HFI)  at  neighbouring 
nuclei.  In  order  to  determine  vacancy-related  HfI 
parameters,  methods  such  as  Mossbauer  spectroscopy, 
electron  paramagnetic  resonance  (EPR),  electron  nucle¬ 
ar  double  resonance  (ENDOR)  and  perturbed  angular 
correlation  spectroscopy  (PAC)  have  been  used.  The 
correct  experimental  identification  and  characterisation 
of  vacancies,  however,  is  more  difficult  compared  to  the 
investigation  of  impurity  atoms,  which  can  be  intro¬ 
duced  into  the  semiconductor  crystal  by  a  controlled 
doping  process,  e.g.  by  ion  implantation. 

As  a  theoretical  instrument  being  generally  helpful  to 
characterise  dopants  in  semiconductors  as  well  as 
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intrinsic  defects  (e.g.  Ref.  [3]),  the  density  functional 
theory  (DFT)  formalism  is  used  in  order  to  compensate 
for  the  particular  difficulty  to  investigate  vacancies.  The 
DFT  calculations  yield  defect-related  information  that  is 
difficult  to  access  by  experiment  such  as  about  the 
electronic  structure  and  structural  relaxations.  Addi¬ 
tionally,  the  identification  of  a  particular  defect  is 
supported  by  the  calculation  of  defect-related  para¬ 
meters,  such  as  the  electric  field  gradient  (EFG),  which  is 
used  experimentally  as  a  “fingerprint''  of  the  studied 
defect. 

In  the  present  work,  the  EFG  tensor— characterised 
by  the  largest  component  V::  and  the  asymmetry 
parameter  q — is  measured  by  PAC  (for  details,  see  e.g. 
Ref.  [4] ),  using  the  radioactive  probe  nuclides  11  'in  and 
1 1 ! Ag.  In  II— VI  semiconductors,  the  mIncd  donor  and 
the  mAgCli  acceptor  form  donor-acceptor  (D-A)  pairs 
with  dopants,  residual  impurities  or  intrinsic  defects, 
and  in  either  case  the  EFG  is  determined  at  the  7  =  5/2 
excited  state  of  the  daughter  isotope  mCd  [4].  It  is 
emphasised  that  in  CdTe,  the  daughter  isotope  1 1  'Cd  is  a 
host  atom  and  consequently  the  measured  EFG 
characterises  the  isolated  defect.  The  absolute  number 
of  radioactive  probe  atoms  needed  for  PAC  measure¬ 
ments  is  10M-10l“,  and  the  resulting  concentrations  are 
generally  low  enough  (10l3cm  3  and  less)  that  the 
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electrical  properties  of  the  semiconductor  crystals  are 
not  changed  significantly. 

The  DFT  calculations  are  performed  using  the  lin¬ 
earised  augmented  plane  wave  (LAPW)  method  im¬ 
plemented  in  the  WIEN97  [5]  program  package.  The 
general  treatment  of  an  impurity  in  a  semiconductor  for 
EFG  calculation  within  this  method  is  described  in  Ref. 
[6].  In  addition  to  the  32-atom  supercell  in  BCC 
structure  with  Td  symmetry  used  in  that  work,  a  32- 
atom  cell  with  C3v  symmetry  is  used  in  the  present  case 
of  the  cadmium  vacancy.  In  the  LAPW  method,  the 
basis  set  consists  of  plane  waves  augmented  by  a  spheri¬ 
cal  harmonics  expansion  within  the  so-called  “muffin- 
tin”  spheres  around  the  atomic  positions.  In  general,  the 
wave  functions  are  described  by  the  plane  wave  basis  at 
a  vacancy  site,  but  the  use  of  an  “empty  sphere”  allows 
an  angular  momentum  decomposition  of  the  vacancy- 
related  states  for  analysis  purposes.  Magnetic  hyperfine 
fields  are  not  calculated  in  the  present  work. 


2.  The  tellurium  vacancy 

From  simple  valence  arguments,  the  tellurium  va¬ 
cancy  VTe  accounts  for  a  double  donor,  having  an 
occupied  a\  level  (s-like)  and  an  unoccupied  to  level  (p- 
like)  in  the  neutral  state.  Thus,  no  Jahn-Teller  effect  and 
no  symmetry  lowering  from  Td  symmetry  is  expected.  A 
paramagnetic  centre  observed  by  EPR  [7]  and  ENDOR 
[8]  has  been  interpreted  as  Vxc,  but  this  assignment  was 
questioned  in  Ref.  [9],  where  calculations  with  the  linear 
muffin-tin  orbital  method  in  the  atomic  sphere  approx¬ 
imation  (LMTO-ASA)  yielded  HFI  constants  incompa¬ 
tible  with  the  experimental  results.  Furthermore,  the 
ENDOR  data  require  that  the  electron  spin  is  localised 
at  the  vacancy  site  to  about  96%,  which  is  rather 
implausible  for  a  vacancy  and  strongly  differs  from  the 
theoretical  localisation  of  20%  of  the  electron  spin 
within  the  ASA  sphere. 

Using  a  32-atom  cell  with  all  neighbouring  atoms  of 
the  tellurium  vacancy  fixed  at  ideal  lattice  positions,  i.e. 
suppressing  the  relaxation,  we  find  the  ax  level  (Kohn- 
Sham  eigenvalue)  within  the  gap  for  all  three  charge 
states  Vye,  V-pe  and  V^,  occupied  by  two,  one  and  zero 
electrons,  respectively.  The  localisation  of  10%  of  the 
electron  (ax  level)  within  the  LAPW  muffin-tin  sphere 
for  Vye  compares  well  with  the  20%  for  the  LMTO-ASA 
sphere,  taking  into  account  the  different  volumes  of  the 
respective  spheres.  From  the  positions  of  the  a\  level  for 
the  three  charge  states  with  respect  to  the  valence  band 
maximum  (VBM),  the  transition  energies  £(+  +  /+)  = 
£vbm+  0.76  eV  and  E(- 1-/0)  =  EVbm  T  1.22  eV  are  infer¬ 
red,  which  are  in  good  agreement  with  the  electron 
removal  energies  of  0.67  and  1.27  eV,  reported  in 
Ref.  [9]. 


Taking  into  account  the  relaxation  of  nearest  neigh¬ 
bour  (NN)  Cd  atoms,  which  was  not  possible  in  the 
LMTO  calculations  from  Ref.  [9],  has  drastic  implica¬ 
tions.  With  exception  of  V-fe*  strong  relaxation  occurs 
resulting  in  a  shift  of  the  energetic  position  of  the  ax  level 
and  a  significant  lowering  of  the  total  energy  (see  Table 
1).  In  Fig.  la,  the  total  electronic  density  of  states  (DOS) 
is  shown  for  the  relaxed  configurations  of  the  three 
charge  states  (note  that  for  the  unrelaxed  configuration 
of  all  three  charge  states,  the  DOS  resembles  the  DOS 
shown  for  V-fc,  except  from  the  occupation  number).  In 
Fig.  lb,  the  a\  level  and  the  to  level  are  identified  by  the 
respective  s  and  p  character  within  the  muffin-tin  sphere 
at  the  vacancy  site.  Only  for  V-fe,  the  a\  level  is  still 
positioned  within  the  band  gap  after  relaxation.  While 
for  Vxe,  the  strong  inward  relaxation  of  the  NN-Cd 
atoms  leads  to  a  shift  of  the  a\  level  to  below  the  YBM, 
this  level  is  shifted  to  above  the  conduction  band 
minimum  (CBM)  during  the  outward  relaxation  in  the 

2  +  state.  The  2  +  state  of  VTe  is  comparable  with  the 

3  +  state  of  the  arsenic  vacancy  in  GaAs,  which  also  has 
an  empty  a\  level  and  was  calculated  in  Ref.  [10].  There, 
the  observed  outward  relaxation  of  the  NN-Ga  atoms 
was  interpreted  by  the  authors  in  terms  of  a  rehybridisa¬ 
tion  towards  sp2  bonding.  A  similar  argument  holds  in 
the  present  case  for  Yjc+ ,  where  the  NN-Cd  atoms 
move  about  60%  of  their  way  towards  a  planar  sp2 
bonding  configuration  with  the  NNN-Te  atoms.  In  the 
neutral  state  of  VTe,  the  a\  orbital  is  fully  occupied  and 
there  is  a  pronounced  p_-like  contribution  within  the 
NN-Cd  spheres  (the  local  z-axis  directs  towards  the 
vacancy).  Consequently,  the  sp3  configuration  is  re¬ 
tained  from  the  point  of  view  of  an  NN-Cd  atom, 
causing  the  strong  inward  relaxation  of  the  NN-Cd 
shell.  After  relaxation,  the  a\  level  is  located  0.5  eV 
below  the  VBM  (cf.  Fig.  lb,  left-hand  side).  In  the  singly 
charged  state  V£.,  where  the  a\  level  is  half  occupied ,  the 
counteracting  mechanisms  described  for  Vxe  and  Vxe+ 
approximately  cancel  each  other,  leading  to  only  little 
relaxation  and  energy  gain  (cf.  Table  1). 

The  transition  energy  between  two  charge  states 
measures  the  Fermi  level  E f  for  which  the  formation 


Table  1 

Relaxation  AdNN  °f  the  NN-Cd  atoms  about  VTc  (in  per  cent  of 
the  bond  length  2.81  A  of  CdTe,  a  negative  sign  is  indicating  an 
inward  relaxation),  along  with  the  relaxation  energy  A £r,  which 
is  the  energy  lowering  due  to  relaxation,  and  the  calculated 
electric  field  gradient  V::  at  a  NN-Cd  site  {r\  =  0  due  to 
symmetry) 


A^/nn  (%) 

A Ex  (eV) 

V~  (1021  V/m2) 

v?c 

-22 

0.98 

+  2.0 

Vfe 

-2 

0.05 

+  16.2 

v|c+ 

+  20 

0.69 

+  24.6 
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Fig.  1.  (a)  Total  DOS  for  V,',..  V  ,*c.  V-,V  .  Occupied  states  arc  shaded,  (b)  Local  DOS  at  the  vacancy  site  decomposed  into  s  and  p 
contributions.  For  VTc.  the  half  filled  ci\  level  in  the  band  gap  is  very  narrow,  therefore  the  s  contribution  needs  a  different  scalins 
(  x  1/3)  to  be  displayed. 


£  F  fcVJ  Ev  fcVl 

(a)  (b) 

Fig.  2.  Relative  formation  energies  for  the  different  charge 
states  of  V,,.  as  a  function  of  E\ .  (a)  Relaxation  suppressed,  (b) 
Including  relaxation.  The  left  and  the  right  margin  of  each  plot 
corresponds  to  the  VBM  and  the  CBM.  respectively;  A£(oi,n  = 

0  corresponds  to  the  unrelaxcd  configuration  of  V"c. 

energy  £form  of  both  states  is  equal  (the  formation 
energy  of  charged  defects  depends  on  Ev).  Accordingly, 
the  relative  formation  energy  A£rorm  with  respect  to  V?-e 
is  plotted  in  Fig.  2a  in  the  case  of  suppressed  relaxation. 
Due  to  the  relaxation,  however,  the  formation  energies 
are  lowered  by  the  respective  relaxation  energies  A Er 
(Fig.  2b).  In  fact,  the  large  relaxation  energies  for  V-J-c 
and  VTe  (cf.  Table  1)  result  in  a  negative-U  behaviour 
with  a  transition  energy  of  £(+  +  /0)  -  £v»m  +  0.85  eV 
between  1  and  Vyc,  and  the  paramagnetic  state  V  i-c 
is  never  the  most  stable  state,  independent  of  the  Fermi 
energy.  Consequently,  it  should  not  be  observed  in  an 
EPR  experiment.  Therefore,  the  rejection  of  the  EPR 
identification  of  Vyc  in  Ref.  [9]  is  confirmed.  The  fact 
that  for  the  calculations  of  the  HFI  constants  in  Ref.  [9] 
relaxation  was  neglected,  does  not  harm,  because  in  the 
paramagnetic  1  +  state  the  relaxation  is  quite  small  (cf. 
Table  1). 


It  is  pointed  out  that  the  tellurium  vacancy  exhibits  a 
rather  extreme  Franck-Condon  effect,  and  thermal  and 
optical  excitation  energies  are  no  longer  comparable.  An 
optical  excitation  does  not  seem  possible  at  all,  because 
in  the  stable  states  Vjc  and  Vy/  ,  the  ct\  level  is 
“hidden’"  in  the  valence  band  and  in  the  conduction 
band,  respectively.  According  to  our  LAPW  calcula¬ 
tions,  the  negative-U  effect  for  the  Te  vacancy  is  very 
strongly  pronounced,  so  that  this  property  should  not  be 
affected  by  errors  that  may  arise  from  the  local  density 
approximation  and  the  estimation  of  the  transition 
energies  via  the  level  positions.  The  negative-U  beha¬ 
viour  accompanied  by  large  lattice  relaxation  seems  to 
be  a  rather  general  feature  of  anion  vacancies  in  II-VI 
semiconductors;  it  has  been  found  also  for  VSc  in  ZnSe 
[II],  while  the  extreme  shift  of  the  ci\  level  into  the 
valence  band  (neutral  state)  and  into  the  conduction 
band  (2+  state)  was  not  reported  there. 

In  order  to  investigate  the  interaction  between  Ag  and 
Cu  dopants.  2nm  copper  were  evaporated  onto  a  CdTe 
crystal  implanted  with  mAg  ions.  After  subsequent 
annealing  at  500  K,  PAC  measurements  yield  an  EFG  of 
y zz  —  ±22,8(9)  x  1021  V/m2  with  >/  =  0.0(3)  (TM  = 
295  K).  This  value,  which  is  unusually  high  for  an 
EFG  measured  at  the  1 1  'Cd  nucleus  in  CdTe,  is  close  to 
the  calculated  EFG  at  an  NN-Cd  site  for 
V-tV  ,  V::  =+24.6  •  10-'  V/nr  with  //  =  0  (see  Table  1). 
Based  on  the  EFG  calculations  for  interstitial  Ag  in 
CdTe,  it  is  not  expected  that  the  interaction  of  mAg 
with  Cu  atoms,  e.g.  the  formation  of  mAgrd-Cuj  pairs, 
would  result  in  the  observation  of  such  a  strong  EFG. 
Therefore,  the  observed  EFG  is  interpreted  with  the 
formation  of  close  1 1  'Ag^i-V-bC  pairs  and  shows  the 
capability  of  the  Te  vacancy  to  compensate  group  I 
acceptors. 
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3.  The  cadmium  vacancy 

After  the  D-A  pair  formation  of  1 1  lIn  donors  with  the 
double  acceptor  Vcd,  the  PAC  probe  is  a  NNN-atom 
with  respect  to  the  defect  causing  the  EFG.  Three 
distinct  EFG  have  been  reported  in  literature  for  the 
n,Cd-VCd  pair:  One,  labelled  EFG1  in  the  following 
(values  are  given  in  Table  2),  is  observed  after  annealing 
IUIn-doped  CdTe  under  tellurium  vapour  pressure 
[12,13].  A  set  of  two  EFG,  EFG2  and  EFG3,  is 
observed  simultaneously  in  crystals  doped  additionally 
with  stable  In  to  a  level  higher  than  1018cm~3  [14]. 
Similar  EFG  have  been  reported  for  ternary 
Hg0.05Cd0.95Te  compounds  [15].  The  stronger  EFG, 
EFG2  and  EFG3,  which  are  observed  when  a  back¬ 
ground  donor  doping  level  is  present,  have  been 
discussed  in  Refs.  [14]  and  [15]  in  terms  of  a  different 
charge  state  of  VCd  and  the  possibility  that  two  In 
donors  (one  stable  In  atom  and  one  1HIn  isotope)  bind 
to  the  double  acceptor  VCd-  The  LAPW  calculations, 
using  a  32-atom  supercell  in  Td  symmetry  containing  a 
Cd  vacancy,  yield  an  atomic  relaxation  (A<7nn  ~  -  13%) 
which  is  less  pronounced  than  in  the  case  of  Vtc  and 
essentially  independent  of  the  charge  state.  In  Table  2, 
the  experimentally  observed  EFG  are  compared  with  the 
EFG  calculated  for  the  NNN-Cd  site:  Assigning  EFG1, 
EFG2,  and  EFG3  to  the  neutral,  singly,  and  doubly 
charged  Cd  vacancy,  respectively,  yields  a  relatively 
good  agreement  between  experimental  and  theoretical 
data.  It  is  noted,  however,  that  in  the  32-atom  supercell, 
only  three  of  the  four  Te  neighbours  to  the  Cd  probe  are 
contained  within  the  supercell  and  a  larger  cell  should  be 
used.  First  calculations  with  a  64-atom  supercell  are 
currently  running,  indicating  changes  in  the  calculated 
EFG  that  are  not  very  large,  but  significant.  Therefore, 
the  assignment  of  EFG1,  EFG2,  and  EFG3  to  the  three 
charge  states  of  Vcd  is  only  tentative  at  present,  and  the 
possibility  that  two  In  atoms  bind  to  Vcd  cannot  be 
excluded. 

In  the  simple  orbital  model,  the  neutral  cadmium 
vacancy  has  a  fully  occupied  a\  level  and  a  h  level, 
which  is  partly  occupied  by  four  electrons.  In  principle, 
Vcd  and  the  paramagnetic  state  VEd  can  be  subject  to  a 
Jahn-Teller  effect  due  to  the  partial  occupation  of  the  h 

Table  2 

Experimental  and  theoretical  values  for  the  EFG  caused  by  the 
Cd  vacancy  at  the  NNN-Cd  site.  Vzz  values  are  given  in  units  of 
1021  V/m2.  The  experimental  error  of  Vzz  and  rj  is  lower  than 
0.1  x  1021  V/m2  and  0.05,  respectively 


Experiment  (7m  =  295 K) 

theory 

EFG1 

EFG2  EFG3 

Vtd 

VCd 

VEa" 

Vzz  ±3.0 
if  0.17 

±5.1  ±5.6 

0.12  0.20 

-3.0 

0.01 

-4.1 

0.14 

-5.0 

0.24 

level.  In  this  case,  the  h  orbital  (p-like)  would  split  into 
an  occupied  e  level  (pvv-like)  and  an  unoccupied  (Vcd)  or 
half  occupied  (VEd)  upper  a\  level  (p.-like),  accompa¬ 
nied  by  a  symmetry  lowering  from  Td  to  C3v;  i.e.  one 
NN-Te  atom  would  relax  stronger  towards  the  vacancy 
site  than  the  others  (cf.  Ref.  [16],  where  VZn  in  ZnSe  is 
discussed).  An  EPR  signal,  presenting  trigonal  symme¬ 
try,  has  been  interpreted  as  resulting  from  VEd  in  a 
Jahn-Teller  distorted  configuration  with  the  hole 
localised  at  one  Te  neighbour  [17].  In  order  to 
investigate  the  Jahn-Teller  effect  theoretically,  calcula¬ 
tions  with  a  32-atom  supercell  in  C3v  symmetry  were 
performed.  The  interesting  result  is  that  the  calculated 
forces  on  the  NN-Te  atoms  tend  to  restore  deviations 
from  Td  symmetry  for  both  the  neutral  and  the  singly 
charged  state.  Even  for  a  strong  trigonal  distortion,  no 
single,  unoccupied  band  (the  upper  a\  level,  containing 
the  holes  localised  at  one  Te  neighbour)  would  separate 
from  the  valence  band  in  the  case  of  V^d,  as  expected  in 
the  presence  of  a  Jahn-Teller  effect.  Rather  the  holes 
occupy  valence  band  like  states  and  are  moderately 
localised  at  the  NN-Te  shell  (6%  within  each  muffin-tin 
sphere  of  the  NN-Te  atoms).  Thus,  the  DFT  calcula¬ 
tions  clearly  disagree  with  the  assumption  of  a  Jahn- 
Teller  effect.  It  is  further  noted  that  in  case  of  a  Jahn- 
Teller  distortion,  the  NNN-Cd  atoms  are  no  longer 
equivalent,  and  a  set  of  three  EFG  instead  of  a  single 
one  should  be  observed  for  both  the  neutral  and  the 
singly  charged  state  of  VCd-  This  behaviour  is  not 
reflected  by  the  PAC  experiments.  The  discrepancies 
regarding  the  Jahn-Teller  effect  and  the  different 
possible  interpretations  of  the  experimentally  observed 
EFG  show  that  the  cadmium  vacancy  still  deserves 
further  investigation. 


4.  Summary  and  outlook 

DFT  calculations  of  the  tellurium  vacancy  in  CdTe 
give  access  to  the  complex  behaviour  of  this  defect 
regarding  the  lattice  relaxation  and  the  electron  struc¬ 
ture  which  both  change  drastically  with  the  charge  state. 
Thus,  a  negative-U  behaviour  of  VTe  is  predicted  and  the 
paramagnetic  V-pc  state  should  not  be  stable.  Addition¬ 
ally,  the  acceptor  compensation  by  doubly  charged  Te 
vacancies  is  discussed  on  the  basis  of  the  calculated  EFG 
and  experimental  PAC  data.  As  for  the  cadmium 
vacancy,  the  presence  of  a  Jahn-Teller  distortion  is  not 
confirmed.  First  calculations  using  a  32-atom  supercell 
with  symmetrical  relaxation  around  the  Cd  vacancy 
yield  a  reasonable  agreement  with  experimentally 
determined  EFG,  but  due  to  the  fact  that  the  site  of 
the  probe  atom  is  the  next  nearest  neighbour  to  the 
vacancy,  the  use  of  a  larger  supercell  is  indicated. 
Calculations  with  a  64-atom  supercell  are  expected  to 
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improve  the  detailed  interpretation  of  the  experimental 
data. 
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Abstract 

The  diffusion  of  Ag  atoms  in  CdTe  was  investigated  using  the  radiotracer  UIAg,  which  was  introduced  by 
implantation  with  an  energy  of  60  or  80  keV.  The  measured  diffusion  profiles  are  explained  by  assuming  the  existence  of 
a  repulsive  interaction  between  Ag  and  residual  Cu  atoms  causing  a  drift  of  the  Ag  atoms  towards  the  centre  of  the 
crystal,  which  supposes  the  diffusion  in  a  concentration  gradient.  This  effect  vanishes  if  the  Ag  concentration  is 
increased  and  becomes  more  pronounced  if  the  crystals  are  simultaneously  co-doped  with  Cu.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Ag;  Cu;  Diffusion;  CdTe 


1.  Introduction 

The  electrical  and  optical  properties  of  semi¬ 
conductors  are  essentially  determined  by  the  presence 
of  impurities  and  defects.  In  addition,  for  the  construc¬ 
tion  and  thermal  stability  of  devices,  dynamic  propert¬ 
ies  of  dopant  atoms  are  important.  In  CdTe,  the 
group  I  elements  represent  potential  acceptor  atoms 
if  they  are  incorporated  substitutionally  on  Cd  sites. 
The  hole  concentration  achieved  upon  doping  of 
CdTe  with  Ag  atoms,  however,  is  limited  to  about 
1016cm-3,  although  much  higher  concentrations  of 
Ag  are  realised  [1].  The  formation  of  compensating 
defect  complexes  strongly  depends  on  the  concentration 
and  the  mobility  of  the  participating  defects.  For 
Ag  atoms  in  CdTe,  the  mobility  is  known  to  be 
very  high,  the  experimental  data  describing  the  diffus¬ 
ion  of  Ag  in  CdTe  in  the  literature  are  difficult 
to  compare  [2-5]. 


*  Corresponding  author.  Tel:  +49-681-302-2038;  fax:  +  49- 
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2.  Experimental  details 

1 1 1  Ag  atoms  were  implanted  into  CdTe  single  crystals 
using  either  the  mass  separator  at  the  university  Bonn  or 
the  isotope  separator  ISOLDE  at  CERN.  The  energy 
and  dose  used  for  implantation  of  the  different  samples 
are  listed  in  Table  1.  In  order  to  investigate  the  influence 
of  a  higher  Ag  concentration,  a  30  nm  thick  layer  of 
stable  Ag  was  deposited  onto  a  CdTe  crystal  and  the 
inAg  atoms  were  implanted  into  this  layer.  In  addition, 
the  influence  of  Cu  on  the  diffusion  of  Ag  was 
investigated.  For  this  purpose,  a  20  nm  thick  Cu  layer 
was  deposited  onto  the  side  implanted  with  n,Ag 
(sample  #5)  before  annealing  of  the  crystal.  In  each 
case,  the  diffusion  of  the  CdTe  crystals  (6  mm  diameter 
and  500  pm  thick)  was  performed  in  an  evacuated  quartz 
ampoule  for  30  min. 

The  CdTe  crystals  were  mechanically  polished  and  the 
mass  loss  was  determined  by  weighing  the  crystal  after 
each  step  of  polishing.  The  thicknesses  of  the  abraded 
layers  ranged  between  2  and  20  pm.  The  number  of 
mAg  atoms  within  each  layer  was  determined  by 
measuring  the  intensity  of  the  342  keV  y-line  of  the 
radioactive  decay  of  luAg  with  a  Germanium  well- 
detector. 
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Table  1 


Preparation  conditions  of  the  CdTc  crystals  used  for  the 
diffusion  experiments.  The  diffusion  times  were  always  30  min 


Sample 

Ag 

layer 

Energy 

(keV) 

Dose 
(cm  2) 

Ag 

diffusion 

(K) 

Cu 

diffusion 

#1 

— 

80 

10,n 

550 

_ 

n 

— 

60 

1012 

550 

— 

#3 

— 

60 

1012 

800 

— 

m 

30  nm 

60 

1012 

800 

— 

#5 

— 

80 

10"’ 

550 

550  K 

depth  (pm) 

Fig.  I.  mAg  profiles  measured  after  annealing  at  550  K  (top) 
and  800  K  (bottom).  The  dashed  lines  correspond  to  the  right 
axes  and  show  the  drift  velocity  (Eq.(2))  used  for  fitting  the 
diffusion  profiles.  The  vertical  solid  line  marks  the  back  of  the 
CdTe  crystal  and  the  vertical  dashed  lines  indicate  the  range  of 
different  drift  velocities  described  by  the  parameter  ir  in  Eq.  (2). 


3.  Results 

Fig.  1  (top  panel)  shows  the  diffusion  profile  of  sample 
#1  after  implantation  of  10 10  Agcm  2  with  an  energy  of 
80keV  and  diffusion  at  550  K.  The  measured  concentra¬ 
tion  profile  exhibits  a  depletion  layer  with  a  thickness  of 
about  80  pm  starting  directly  at  the  crystal  surface.  This 
region  is  followed  by  an  asymmetric  peak  of  the  Ag 
concentration  at  a  depth  of  about  110pm.  Under 
slightly  changed  conditions  this  experiment,  which 
exhibited  a  peak  concentration  of  only  2xl0i2 
Agcm  \  was  repeated  with  a  higher  Ag  concentration: 
A  second  crystal  (sample  #2)  was  implanted  with  a  dose 
100  times  higher  and  with  a  slightly  lower  energy  of 
60  keV.  The  data  in  Fig.  2,  presented  at  an  enlarged 


depth  (pm) 

Fig.  2.  mAg  profile  measured  after  annealing  at  550K.  but  in 
contrast  to  Fig.  1  (top),  a  100  times  higher  dose  of  mAg  was 
implanted.  Note,  the  enlarged  depth  scale. 


Fig.  3.  mAg  profile  measured  after  diffusing  of  Cu  at  550  K. 
The  dashed  line  shows  the  Cu  profile,  expected  on  the  basis  of 
data  published  by  Jones  et  al.  The  vertical  solid  line  marks  the 
back  of  the  crystal. 


depth  scale,  still  show  the  depletion  zone  below  the 
surface,  which  in  this  case  extends  over  10  pm.  If  the 
diffusion  temperature  is  increased  from  550  to  800  K 
(sample  #3),  the  data  in  Fig.  1  (bottom  panel)  show  that 
the  profile  becomes  symmetric  over  the  entire  crystal. 
The  mAg  concentration  in  the  central  region  of  this 
crystal  is  almost  constant  at  a  value  of  10l4cm  3  and 
decreases  by  one  order  of  magnitude  within  a  layer  of 
about  100  pm  towards  both  surfaces.  It  should  be  noted 
that  a  sample  treated  at  the  same  temperature  of  800  K 
but  containing  a  significantly  higher  Ag  concentration 
(sample  #4  in  Table  1),  show's  a  profile  that  is  nearly 
homogeneous  at  a  concentration  level  of  5  x  10I8cm~3 
over  the  entire  crystal. 

A  drastic  effect  is  visible  if.  in  addition.  Cu  is 
evaporated  onto  the  1,1  Ag  implanted  surface  before 
diffusion  annealing  at  550  K  (sample  #5).  The  data  in 
Fig.  3  show  that  in  this  crystal  the  mAg  atoms  are 
nearly  completely  moved  to  the  back  (i.e.  to  the  non 
implanted  side)  of  the  crystal.  This  observation  can  be 
explained  by  assuming  a  repulsive  interaction  between 
the  Cu  and  Ag  atoms  which  causes  a  diffusion  of  the  Ag 
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atoms  to  the  other  surface  of  the  crystal.  By  comparing 
these  data  with  the  corresponding  results  at  550  K 
shown  in  Figs.  1  and  2,  it  could  be  stated  that  in  Fig.  3 
the  depletion  layer  is  extended  over  almost  the  whole 
crystal. 


4.  Discussion 

The  depletion  layers  of  the  11 'Ag  profiles,  visible  in 
Figs.  1  and  2,  cannot  be  explained  by  out-diffusion  of 
mAg  during  the  cooling  down  process:  There  was 
neither  a  significant  loss  of  the  11 'Ag  activity  of  the 
crystals  nor  a  strong  enrichment  of  inAg  atoms  on  the 
surface  detectable  after  annealing  of  the  crystals.  In 
order  to  explain  the  depletion  layer  below  the  surface  the 
existence  of  a  repulsive  effect  for  the  Ag  atoms  is 
proposed,  as  is  most  drastically  reflected  by  the  data  in 
Fig.  3.  Motivated  by  the  observed  strong  influence  of  the 
presence  of  Cu  on  the  Ag  diffusion  profile,  the  reason  for 
the  repulsive  effects  in  Figs.  1  and  2  can  be  assigned  to 
the  presence  of  extrinsic  or  intrinsic  defects  in  the 
depleted  layers  of  these  crystals,  probably  to  Cu. 
Considering  the  data  in  Fig.  1,  a  quantitative  description 
of  the  measured  mAg  profiles  can  be  found  semi- 
empirically  by  assuming  a  depth  dependent  drift  velocity 
»(jc)  of  the  Ag  atoms.  The  corresponding  drift-diffusion 
equations  describing  the  Ag  concentration  c  can  be 
expressed  by 

j  =  -Ddxc  +  and  S.-j  =  -0,c,  (1) 

where  j  denotes  the  flux  of  Ag  atoms  through  a  plane 
parallel  to  the  surface  per  time  unit  and  D  is  the 
diffusion  coefficient  for  Ag  in  CdTe.  The  symmetric  Ag 
profile  of  sample  #3  visible  in  Fig.  1  (bottom  panel) 
seems  to  indicate  the  state  of  thermal  equilibrium  at  the 
diffusion  temperature  of  800  K.  The  shape  within  the 
layer  of  100  pm  below  each  surface  is  determined  by  the 
balance  between  the  inward  directed  drift  velocity  and 
the  diffusion  in  a  concentration  gradient.  In  order  to  fit 
the  boundary  condition  of  a  symmetric  profile  in 
thermal  equilibrium,  the  velocity  profile  has  to  be  an 
asymmetric  function  with  respect  to  the  centre  of  the 
crystal  with  thickness  L.  For  fitting  the  data  of  samples 
#1  and  #3  the  drift  velocity  v(x)  was  parameterised  by 
the  function 


u(x)  =  -  Doa[tanh(s(x  -  vv)) 

4-  tanh(s(x  —  L  +  w))] 

(2a) 

with 

1  /a  =  tanh(^ir)  +  tanh(s(L  -  w)). 

(2b) 

which  is  plotted  as  a  dashed  curve  in  both  panels  of 
Fig.  1 .  This  function  has  the  values  -fro  and  -t>o  in  the 
regions  of  width  w  neighbouring  the  two  surfaces,  is 
nearly  zero  in  between,  and  the  parameter  5  controls  the 


transient  between  the  different  regions.  Using  this 
function,  Hq.  (1)  was  solved  numerically.  The  nlAg 
concentration  at  t  =  0  is  determined  by  the  approxi¬ 
mately  Gaussian  implantation  profile  of  about  20  nm 
width  close  to  x  =  0,  and  the  boundary  conditions  are 
defined  by  a  vanishing  flux  (j  =  0)  of  luAg  atoms  at 
both  surfaces  of  the  crystal.  The  diffusion  data  of 
samples  #1  and  #3  were  fitted  by  variation  of  the 
parameters  D,  vq,  s,  and  w.  The  resulting  fits  (solid  lines 
in  Fig.  1)  account  in  a  satisfactory  way  for  both 
diffusion  profiles  measured  at  550  and  800  K.  In  case 
of  sample  #1,  the  diffusion  coefficient  D  and  the  drift 
velocity  t>o  are  determined  to  be  D  =  3  x  10-8  cm2/s  and 
i?0  =  0.2  pm/s,  whereas  in  case  of  sample  #3  only  the 
ratio  D/vo  =  45  pm  can  be  extracted,  which  is  larger  by 
a  factor  of  3  than  in  sample  #1.  Extrapolating  to  550  K 
the  diffusion  coefficients  for  Ag  in  CdTe,  which  were 
determined  by  Wartlick  et  al.  [3]  in  the  range  between 
320  and  350 K  (D  =  D0  exp(-0.22  eV/kT)  ^with 
=  6.5  x  10~6cm2/s)  a  value  of  6.3  x  10_8cm2/s  is 
obtained,  which  is  in  good  agreement  with  the  value 
determined  for  D  in  sample  #1.  The  different  values  of 
the  quotient  D/vo  for  samples  #1  and  #3  are  plausible 
because  of  the  different  diffusion  temperatures. 

This  quantitative  description  of  the  experimental  data 
in  Fig.  1 ,  however,  gives  no  information  about  the  origin 
of  the  repulsive  interaction  acting  on  the  Ag  atoms  since 
the  used  function  r(x)  is  not  derived  from  a  physical 
model.  The  cause  of  this  interaction  may  be  qualitatively 
explained  by  a  repulsive  interaction  between  Cu  and  Ag 
atoms,  best  seen  in  Fig.  3.  Cu  atoms  seem  to  be  present 
in  almost  all  CdTe  crystals  as  a  residual  contamination, 
indicated  e.g.  by  the  Cu°X  bond  exciton  frequently 
observed  in  PL  investigations  [6,7].  Thus,  a  connection 
between  the  repulsive  interaction  exerted  on  the  Ag 
atoms  and  the  Cu  contamination  in  samples  #1,  #2,  and 
#3,  which  were  not  intentionally  doped  with  Cu,  seems 
to  be  possible.  The  reduction  of  the  depletion  layer  in 
Fig.  2  (sample  #2)  and  the  invisibility  of  this  interaction 
in  sample  #4  is  explained  by  the  increasing  Ag/Cu  ratio 
in  these  samples,  yielding  Ag  concentrations  that 
significantly  exceed  the  concentration  of  the  residual 
Cu  contamination.  In  contrast  to  the  data  in  Fig.  1,  the 
11 'Ag  profile  of  sample  #2  shown  in  Fig.  2  could  not 
satisfactorily  be  fitted  using  the  simple  function  of 
Eq.  (2)  for  describing  the  drift  velocity  i;(x).  This  may 
reflect  the  physical  nature  of  the  repulsive  interaction, 
which  is  expected  to  depend  on  the  gradient  of  the  Cu 
concentration  and  the  concentration  of  Ag. 

Finally,  the  11 'Ag  diffusion  data  of  sample  #5  shown 
in  Fig.  3  will  be  considered.  The  diffusion  of  Cu  in  CdTe 
was  investigated  e.g.  by  Woodbury  and  Aven,  Panchuk 
et  al.,  and  Jones  et  al.  [8-10].  Jones  et  al.  used  an 
evaporated  Cu  layer  as  diffusion  source,  similar  to  the 
conditions  for  Cu  diffusion  chosen  in  the  present 
experiments,  and  they  detected  a  slow  and  a  fast 
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diffusing  component  of  Cu.  The  diffusion  coefficient  D 
and  the  solubility  cs  of  the  fast  component  are  reported 
to  be  nearly  independent  on  temperature  in  the  range 
450-600  K  and  are  determined  to  be 
D  —  3.3  x  10~Kcnr/s  and  cs  =  I017cm  respectively. 
On  the  basis  of  the  data  presented  by  Jones  et  al.,  the  Cu 
profile  was  calculated  assuming  an  infinite  Cu  source 
and  plotted  in  Fig.  3  (dashed  line).  A  comparison  with 
the  Ag  data  shows  that  the  Cu  concentration  obviously 
exceeds  the  Ag  concentration  over  the  entire  crystal, 
except  for  a  thin  layer  at  the  back  of  the  crystal  where 
most  of  the  Ag  atoms  are  accumulated.  The  nearly 
complete  diffusion  of  the  1,1  Ag  atoms  to  the  back  of  the 
crystal,  therefore,  seems  obviously  to  be  caused  by  the 
repulsive  interaction  between  Cu  and  Ag.  It  should  be 
remarked  that  the  diffusion  of  Cu  and  Ag  in  CdTe 
observed  here  might  show  up  some  similarities  with  the 
interaction  of  p-type  dopants,  i.e.  of  Zn  and  Cd,  in  InP 
reported  by  Tuck  et  al.  [11],  In  that  experiment,  the 
presence  of  Cd  was  found  to  increase  the  diffusion  depth 
of  Zn  but,  contrary  to  the  present  data,  the  presence  of 
the  diffusing  Zn  greatly  increased  the  rate  of  out- 
diffusion  of  Cd  from  the  semiconductor. 


5.  Conclusion 

The  presented  data  on  the  diffusion  of  Ag  in  CdTe  are 
interpreted  in  the  framework  of  a  repulsive  interaction 
between  the  diffusing  Ag  and  Cu  atoms.  In  crystals  that 
were  not  intentionally  doped  with  Cu,  the  residual 
concentration  of  Cu  causes  a  drift  of  the  Ag  atoms 
towards  the  centre  of  the  crystal  which  superposes  the 
diffusion  in  the  presence  of  a  concentration  gradient. 
The  visibility  of  this  interaction  vanishes  with  increasing 
Ag  concentration.  Upon  intentional  co-diffusion  of 
CdTe  with  Cu,  however,  the  observed  effect  becomes 
more  pronounced  indicating  that  the  presence  of  Cu 
atoms  seems  to  be  responsible  for  the  observed  repulsion 
of  the  Ag  atoms.  Within  a  semi -empirical  model, 
quantitatively  describing  the  diffusion  data  at  550  and 
800  K  (Fig.  1),  the  diffusion  coefficient  of  Ag  in  CdTe 


corresponding  to  a  temperature  of  550  K  was  deter¬ 
mined.  This  value  is  in  good  agreement  with  extra¬ 
polated  data  of  the  temperature  dependent  diffusion 
coefficient  published  by  Wartlick  et  al.  [3].  Although  the 
measured  1 1 1  Ag  profiles  can  be  understood  qualitatively, 
on  the  basis  of  the  present  data  a  microscopic 
interpretation  about  the  nature  of  the  long  range 
repulsive  interaction  between  Cu  and  Ag  cannot  be 
given  yet. 
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Abstract 

Copper  and  silver  related  local  centres  in  CdS  crystals  were  investigated  by  means  of  technique  based  on  drift  of 
defects  in  external  electric  field.  The  impurities  were  first  introduced  in  crystals  and  then  extracted  from  them  under 
electric  field  100-300  V/cm  at  600-750  K.  Acceptors  CuCci  and  AgCd  responsible  for  emission  bands  1000  and  610  nm 
correspondingly  were  found  to  be  the  only  local  centres  created  after  impurity  incorporation.  Local  centres  related  to 
interstitials  Cut  and  Ag;  were  not  revealed.  Different  photo-enhanced  defect  reactions  were  observed  in  the  crystals 
before  and  after  impurity  incorporation.  A  transformation  of  the  type  of  reaction  as  a  result  of  impurity  incorporation 
took  place.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Defects;  Electrodiffusion 


1.  Introduction 

One  of  the  important  problems  in  semiconductor 
studies  is  the  identification  of  defects  related  to  certain 
local  centres.  In  such  investigations  a  method  based  on 
defect  drift  in  electric  field  can  be  quite  useful.  When 
defects  under  consideration  are  charged  and  mobile 
enough,  application  of  external  electric  field  at  a  fit 
temperature  gives  possibility  to  make  a  desirable 
redistribution  of  these  defects  along  the  sample.  So, 
drifting  defects  can  be  extracted  from  any  region  of  the 
sample  and  then  incorporated  in  it  again.  Comparison 
of  electrical  and  optical  characteristics  of  this  region 
before  and  after  such  procedures  allows  identification  of 
local  centres  related  to  the  defects.  Earlier  we  used  this 
technique  for  investigation  of  mobile  shallow  donors  in 
undoped  and  Li -doped  CdS  crystals  [1].  Electron  traps 
related  to  Cd  and  Li  interstitials  were  found  and 
participation  of  these  defects  in  a  number  of  photo- 
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enhanced  defect  reactions  was  established  [1,2].  In  the 
present  work,  Cu-  and  Ag-  related  centres  in  CdS 
crystals  have  been  investigated. 


2.  Experimental  procedure 

Nominally  undoped  high-resistivity  (p>108Qcm) 
bulk  CdS  crystals  were  used.  The  crystals  have  bright 
yellow  colour.  Samples  were  rectangular  parallelepipeds 
of  typical  dimensions  5x3x1  mm3  cut  from  large 
boules.  The  impurity  was  introduced  from  electrode 
containing  Cu  or  Ag,  the  other  electrode  being  pure  In. 
The  sample  was  heated  to  T&  =  600-750  K  and  then 
electric  field  E d  =  100 -300  V/cm  was  applied  to  it 
during  time  interval  A/d  so  that  electrode  with  the 
impurity  was  the  anode  [3].  Doped  region  had  reddish- 
brown  (in  the  case  of  Cu)  or  bright  brown  (in  the  case  of 
Ag)  colour.  A  sharp  boundary  was  observed  between 
doped  and  undoped  regions  (Fig.  1(a)  and  (b)).  When 
the  sample  was  heated  to  7d  again  and  electric  field  of 
opposite  direction  was  applied  to  it,  extraction  of  the 
impurity  from  the  sample  took  place  and  the  crystal 


0921-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S092  1  -  4526(0  1  )00845-6 


968 


N.E.  Korswiska  ct  al.  /  Physica  B  30S310  (  2001)  96  7  970 


Fig.  1.  (a)  CdS  crystals  under  visible  light  at  300  K  after 
incorporation  of:  (a)  Ac  (T{\  =  700 K.  =  250V/cnr,  A tA 
80 min):  (b)  Cu  (Tj  =  650 K.  £t j  =  lOOV/cnr.  A/t|  =  30 min). 


acquired  the  initial  bright  yellow  colour.  If  both 
electrodes  were  pure  indium,  no  change  of  crystal  colour 
was  observed  after  electric  field  application. 

Transmission,  photoluminescence  (PL),  photocurrent 
(PC)  and  thermally  stimulated  current  (TSC)  spectra  of 
the  same  sample  region  were  measured  in  77-300  K 
temperature  range  before  and  after  impurity  incorpora¬ 
tion  and  then  after  its  extraction. 


3.  Results 

Transmission  spectra  measurements  showed  that  after 
Ag  and  Cu  incorporation  a  transparency  of  crystals 
decreased  and  absorption  edge  shifted  to  the  long 
wavelength  side  (Fig.  2(a)  and  (b)). 

In  PL  spectra  of  initial  crystals  edge  green  emission  at 
l  =  515  nm  dominated  (Fig.  3(a)  and  (b)).  Doping  with 
Ag  or  Cu  resulted  in  this  emission  quenching,  while 
strong  orange  band  at  /.  =  610  nm  appeared  due  to  Ag 
introduction  (Fig.  3(a)),  or  infrared  (I  R)  band  at 
/—  1000  nm  became  much  more  intensive  due  to  Cu 
introduction  (Fig.  3(b)).  At  the  same  time,  intensity  of 
red  band  at  /.  =  715nm  that,  as  a  rule,  was  also  present 
in  initial  crystal  PL  spectra,  remained  factually  un¬ 
changed  after  doping.  In  some  initial  crystals  strong  self- 


(a)  nm 


<b)  l,  nm 


Fig.  2.  Transmission  spectra  of  CdS  crystals  at  7  =  300K 
before  (1)  and  after  (2)  incorporation  of  Ag  (a)  and  Cu  (b). 

activated  orange  PL  band  at  /  —  590  nm  in  addition  to 
green  and  red  ones  was  observed.  When  both  electrodes 
supplied  to  the  crystal  were  indium,  no  essential  changes 
in  PL  spectra  took  place  after  sample  treatment  by 
electric  field  (Fig.  3(c)). 

The  incorporation  of  Ag  and  Cu  was  accompanied 
with  the  increase  of  crystal  photosensitivity  in  the  whole 
wavelength  range,  the  most  effect  being  observed  in  the 
extrinsic  region  at  /.~600nm  and  z^700nm  corre¬ 
spondingly  (Fig.  4(a)  and  (b)).  Different  photo-enhanced 
defect  reactions  (PEDR)  were  found  to  occur  in  crystals 
before  and  after  impurity  incorporation.  In  undoped 
crystals  ‘‘sensitizing"  PEDR  [4]  took  place:  when  the 
crystal  was  cooled  from  450  to  300  K  in  dark  its 
photosensitivity  was  smaller  then  after  cooling  under 
visible  light  illumination  (Fig.  4(a)  and  (b).  curves  l,  2). 
After  doping  with  Cu  or  Ag  “degradation"  PEDR  [2] 
was  observed:  photosensitivity  decreased  due  to  visible 
light  illumination  (Fig.  4(a)  and  (b).  curves  3,  4).  In  Cu- 


N.E.  Korsunska  et  al.  /  Physica  B  308-310  (2001)  967-970 


969 


Fig.  3.  Photoluminescence  spectra  of  CdS  crystals  at  77  K 
before  (solid  lines)  and  after  (dashed  lines)  treatment  under 
electric  field,  the  anode  containing:  (a)  Ag,  (b)  Cu  and  (c)  no 
impurity. 


< 


500  600  700  800 

(b)  X,  nm 

Fig.  4.  Photocurrent  spectra  of  CdS  crystals  at  300  K  before 
(1,2)  and  after  (3,4)  incorporation  of  (a)  Ag,  (b)  Cu.  Cooling 
from  420  to  300  K  in  dark  (1,3)  and  under  intrinsic  light 
illumination  (2,4). 

After  impurity  extraction,  initial  transmission,  PL  and 
PC  spectra  were  restored  and  sensitizing  PEDR  was 
again  observed. 

In  TSC  spectra  of  investigated  crystals  some  peaks,  in 
general  different  in  different  samples,  were  present  (Fig.  5). 
After  doping  the  increase  of  TSC  current  was  observed  in 
the  whole  temperature  range  due  to  the  increase  of 
photosensitivity.  However,  any  peak  did  not  appear  after 
impurity  incorporation  or  disappear  after  its  extraction. 

4.  Discussion 


doped  sample  regions  photosensitivity  degradation 
under  illumination  was  already  conspicuous  at  300  K, 
while  in  Ag-  doped  ones  this  effect  became  noticeable 
only  at  T  >  350  K. 


In  CdS,  copper  and  silver  can  create  defects  of  two 
types:  site  atoms  Cucd,  AgCd  and  interstitials  Cui5  A& 
that  act  as  single  charged  acceptors  and  donors, 
correspondingly  [5].  The  IR  band  at  X  =  1000  nm  and 
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(a)  T.  K 


Fig.  5.  TSC  spectra  of  CdS  crystals  before  (1)  and  after  (2) 
incorporation  of  (a)  Ag.  (b)  Cu. 

orange  band  at  /.  =  610  nm,  that  rose  in  PL  spectra  of 
investigated  crystals  after  doping  and  quenched  after 
impurity  extraction,  are  probably  due  to  Cu(d  and  Ag(d 
centres,  correspondingly.  In  fact,  these  bands  were 
proved  to  result  from  recombination  of  free  electrons 
on  acceptor  centres  [6].  At  the  same  time,  in  CdS  doped 
with  Cu  and  Ag  by  usual  techniques  a  strong  red 
emission  at  /.  =  710— 720  nm  is  generally  also  observed 
and  ascribed  to  Cu-  or  Ag-  related  centres  [5-8].  This 
band,  however,  is  often  present  in  nominally  undoped 
crystals  [5,6]  and,  as  our  investigations  showed,  Cu  and 
Ag  transfer  under  electric  field  does  not  influence  on  its 
intensity.  Therefore  we  suppose,  that  this  band  is  due  to 
native  defects.  Perhaps,  the  presence  of  Cu  and  Ag 
enables  the  creation  of  such  defects.  The  fact  that 
intensities  of  self-activated  green  /=515nm,  orange 
l  =  590  nm  and  red  /.  —  715nm  emission  bands  do  not 
change  after  action  of  electric  field  is  the  evidence  that 
defects  responsible  for  these  emission  bands  do  not  drift 
in  electric  field  at  T^650K. 


The  direction  of  Cu  and  Ag  drift  from  the  anode  to 
the  cathode  indicates  that  these  impurities  diffuse 
interstitially  as  donors  Cuj! ,  Agj*  [3].  Hence,  the  latters 
are  present  in  the  crystal  during  doping  process.  In  high- 
resistivity  crystals  these  donors  must  manifest  them¬ 
selves  as  electron  traps  [6].  The  analysis  of  obtained  TSC 
data  showed,  however,  that  any  electron  trap  did  not 
appear  after  Cu  or  Ag  incorporation.  This  fact  means 
that  equilibrium  in  reactions  Cuj  + V(d  =  CuCd. 
Agj  +  Vrd  =  Ag(d  is  essentially  shift  to  the  right  side. 
The  similar  situation  takes  place  in  Ge  and  Si,  where 
copper  ions  also  diffuse  as  donors  Cu*,  but  in  doped 
material  only  acceptors  Cu((C  have  been  revealed  [9]. 

“Sensitizing”  and  “degradation”  defect  reactions 
observed  in  investigated  crystals  are  known  to  be 
characteristic  for  nominally  undoped  bulk  CdS  crystals 
[4,6]  and  Cu-doped  CdS  ones  [2,6]  correspondingly.  In 
both  reactions  mobile  native  donors  Cdj  had  been 
shown  to  participate  [4,6].  PEDR  in  CdS :  Ag  crystals 
was  observed  for  the  first  time.  One  can  suppose, 
however,  that  mechanisms  of  PEDR's  in  CdS :  Cu  and 
CdS :  Ag  crystals  are  similar.  Transformation  of  “sensi¬ 
tizing1  PEDR  into  “degradation”  one  after  impurity 
incorporation  leads  to  the  conclusion  that  like  Cu  also 
Ag  atoms  participate  in  the  “degradation”  process.  The 
fact  that  in  CdS:  Ag  crystals  degradation  PEDR  occurs 
at  higher  temperatures  than  in  CdS  :  Cu  ones  can  be  due 
to  lower  mobility  of  Ag  in  CdS  lattice  [5]. 
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Abstract 

The  changes  in  the  physical  properties  of  high-resistance  p-CdTe  crystals  both  during  and  after  the  passage  of  a  laser 
shock  wave  (SW)  were  investigated.  It  was  shown  that  the  electrical  conductivity  of  the  p-CdTe  increases  when  the  SW 
passes  through  the  crystals  and  decreases  after  its  passage.  The  changes  in  the  aforementioned  characteristics  during  the 
SW  passage  are  defined  by  the  generation  of  nonequilibrium  carriers  from  deep  centers.  It  is  observed  that  the  number 
of  dislocations  increases  as  the  power  density  of  the  laser  radiation  increases.  This  increase  is  correlated  with  the 
decrease  in  the  residual  conductivity  of  the  samples.  The  changes  in  the  residual  conductivity  are  due  to  the  formation 
of  stable  defects  and  their  subsequent  interaction  with  defects,  existing  in  the  initial  crystal.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  Defects;  Laser  shock  wave;  Cadmium  telluride 


1.  Introduction 

The  irradiation  of  the  p-CdTe  crystals  by  ruby  laser 
nanosecond  pulses  with  power  density  below  the 
damage  threshold  leads  to  a  change  in  their  electrical, 
photoelectric  and  optical  properties.  These  changes 
occur  both  in  the  near-surface  region  of  the  material 
and  at  a  depth  of  ~  5  pm  which  is  much  more  than  the 
light  absorption  depth  (10-5cm-1)  [1-3].  These  changes 
are  caused  by  the  formation  of  intrinsic  lattice  defects 
due  to  the  lattice  “heat-up”,  the  generation  of  thermal 
elastic  stresses,  and  the  action  of  acoustic  and  shock 
waves  in  the  course  of  irradiation  of  the  crystal. 
Hypothetically,  the  energy  of  the  laser  pulse  is  trans¬ 
ferred  to  the  lattice  via  the  generation,  thermalization, 
and  subsequent  recombination  of  the  electron-hole 
pairs.  Even  a  small  increase  of  temperature  (up  to 
200°C)  in  the  irradiation  zone  in  a  short  time  (10-8s) 
results  in  a  thermal  shock.  In  this  case,  thermoelastic 
stresses  ~  20-30  kbar,  sufficient  for  breaking  weaker 
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chemical  bonds,  arise  in  the  lattice.  A  strong  vibration 
excitation  of  the  centers,  located  at  the  surface,  could 
result  in  the  detachment  and  evaporation  of  the  atoms 
or  different  impurities  in  the  semiconductors.  The 
diffusion  of  impurities  and  defects  into  the  volume  of 
the  crystal  was  also  observed  [4,5].  It  is  expected  that  a 
similar  mechanism  is  observed  in  the  case  of  the  CdTe. 
However,  it  should  be  noted  that  the  shock  wave  (SW) 
acts  jointly  with  the  photoeffect,  thermoelastic  deforma¬ 
tion,  and  thermal  heating. 

It  is  of  interest  to  identify  the  role  of  the  SW  in  defect 
formation  in  CdTe  separately  from  the  above-indicated 
effects  which  accompany  the  laser  radiation. 

In  this  paper,  we  report  the  specific  results  of  the  SW 
action  on  the  electrical  properties  and  dislocation 
structures  of  the  p-CdTe  crystals. 


2.  Experimental  procedure  and  results 

The  above-mentioned  properties  of  the  p-CdTe  were 
investigated  both  during  and  after  the  SW  passage 
through  the  crystal.  Nondestructive  SW  was  generated 
by  ^-switched  ruby  laser  pulses  of  2  x  10_8s  duration. 
The  intensity  of  the  laser  pulses  was  varied  in  the  range 
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107-109  W  cm  2  by  means  of  neutrally  gray  light  filters. 
The  technique  of  sample  preparation  and  its  irradiation 
is  similar  to  the  technique  described  in  Refs.  [4,5].  The 
SW  pressure  was  calculated  by  the  formula  given  in 
Ref.  [6]. 

The  concentration  dependence  of  the  nonequilibrium 
charge  carriers  (NCC)  on  the  SW  pressure  is  shown  in 
Fig.  1.  At  low  SW  pressures  the  concentration  of  the 
NCC  exponentially  increases,  achieving  saturation  at  a 
SW  pressure  higher  than  3  kbar.  In  addition,  an  increase 
in  conductivity  of  the  CdTe  was  observed  when  the 
crystals  were  irradiated  with  ruby  laser  pulses,  and  then 
the  conductivity  returned  to  its  initial  magnitude.  The 
kinetics  of  the  conductivity  change  ( Arr/cr(>)  of  p-CdTe 
under  the  action  of  the  SW  is  shown  in  the  inset  in 
Fig.  1.  The  relaxation  time  of  the  conductivity  change 
under  different  SW  pressures  has  two  components. 
These  are  a  fast  component,  which  occurs  exponentially 
with  relaxation  time  constant  T\  -  1.56  x  10  4  s,  and  a 
slow  component  during  which  (over  time  X2  =3-4  min) 
the  conductivity  decreases  by  several  factors  and  then 
stabilizes.  The  residual  conductivity  of  the  crystal  drops 
below  the  initial  <7o  value.  The  amplitude  of  the  residual 
conductivity  change  versus  the  SW  pressure  is  shown  in 
Fig.  2.  At  first,  the  residual  conductivity  decreases  and 
then  saturates. 


Fig.  1.  The  dependence  of  the  NCC  concentration  in  the  p- 
CdTe  crystal  on  the  SW  pressure.  Inset:  relaxation  time  of  the 
NCC  in  a  p-CdTe  crystal  at  the  SW  passage. 


P ,  kbar 


Fig.  2.  The  dependence  of  the  residual  conductivity  [c)  in  p- 
CdTe  on  SW  pressure. 


The  photocurrent  of  the  initial  crystals  depends 
weakly  on  temperature  in  the  1 00-300  K  range.  At  the 
limit  of  this  range,  the  photocurrent  becomes  thermally 
activated  and  the  dependence  /ph  versus  1  /T  follows  the 
Arrhenius  law  with  activation  energy  Et  =0.8-0. 9  eV 
(Fig.  3,  curve  1).  Quenching  of  the  photocurrent  with 
activation  energy  £vt  =  0.13eV  is  observed  in  the  low- 
temperature  region  after  the  SW  passage  with 
£<2kbar.  The  thermal  activation  region  of  the  photo¬ 
current  remains  unchanged  above  room  temperature, 
and  the  photocurrent  decreases  almost  by  an  order  of 
magnitude  (Fig.  3,  curve  2).  The  appearance  of  the 
temperature  range  of  the  photocurrent  quenching 
subsequent  to  the  SW  passage  with  £<2kbar  can  be 
related  to  the  formation  of  shallow-level  centers  with  the 
activation  energy  of  ~0.13eV.  At  low  temperatures  and 
at  low  excitation  levels  in  the  region  of  the  fundamental 
light  absorption,  a  strong  optical  charge  redistribution 
between  r-centers  (£r  =  0.9eV)  and  shallow  acceptors 
(£vt  =  0.1 3  eV)  proceeds  in  the  CdTe  crystals.  Namely, 
photoholes  are  trapped  by  the  shallow  levels,  and  the 
hole  population  of  the  r-centers  is  decreased,  i.e.  quasi¬ 
dark  formation  of  the  center  population  by  minority- 
carriers  with  a  concentration  of  /Vj’  takes  place  [7,8]. 
Consequently,  the  jV,0  rise  causes  a  decrease  in 
t  (r-l/Aj1)  and  in  the  photocurrent.  The  photocurrent 
decreases  further  by  an  order  of  magnitude  after 
repeated  SW  passage  with  £>2kbar.  In  this  case,  the 
temperature  dependence  form  is  retained,  excluding  the 
region  of  the  temperature  quenching  of  photocurrents, 
which  disappears. 
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Fig.  3.  The  temperature  dependences  of  (1, 2)  photocurrent  and 
(3-5)  dark  current  in  p-CdTe  (1,3)  up  to  and  (2,4,5)  after  the 
SW  passage. 


A  region  with  activation  energy  E\  =  0.6  eV  in  the 
temperature  dependence  of  the  dark  current  of  the  p- 
CdTe  crystal  is  observed  (Fig.  3,  curve  3).  The  dark 
current  remains  unchanged  after  the  SW  passage  with 
P<2kbar.  However,  an  additional  region  with 
E2  -  0.14eV  appears  (Fig.  3,  curve  4).  The  dark  current 
decreases  with  further  increase  of  the  SW  pressure,  and 
activation  energies  E\  and  Ei  disappear  in  the  tempera¬ 
ture  dependence  of  the  dark  current.  However,  the  level 
with  energy  £3  =  0.8  eV  corresponding  to  the  deep  r- 
centers  is  observed  (Fig.  3,  curve  5).  It  indicates  that 
after  the  SW  passage  with  P>  2  kbar,  charge  carriers  are 
generated  from  deeper  levels  in  comparison  with  the 
initial  crystal.  The  level  £2  =  0.14eV  in  the  CdTe 
crystals  corresponds  to  the  energy  position  of  acceptors, 
the  cadmium  vacancy  [9],  and  E\  =  0.6  eV  corresponds 
to  the  double-charged  cadmium  vacancy  [10]. 

The  dislocation  densities  of  the  initial  crystals  were 
equal  to  102cm-2.  For  the  laser  radiation  power 
densities  used,  the  SW  did  not  lead  to  the  appearance 
of  visible  damage  at  the  entrance  and  exit  surface  of  the 
crystals.  However,  after  selective  etching,  the  number  of 
dislocation  etch  pits  increased  and  its  total  amount 
increased  with  increasing  radiation  power  density  or 
number  of  pulses  (Fig.  4).  We  note  that  the  threshold 
laser  irradiation  power  density  for  which  dislocation 
multiplication  is  observed  corresponds  to  the  threshold 
of  the  SW  formation. 


Fig.  4.  The  distribution  of  the  dislocation  etch  pits  on  the 
(1  1  1)  surface  of  p-CdTe:  1 — initial  sample  and  2, 3 — after  the 
SW  passage. 


3.  Discussion 

Increase  of  the  concentration  of  the  NCC  of  the  p- 
CdTe  single  crystals,  irradiated  with  nanosecond  laser 
radiation  pulses,  is  possible  when  additional  carriers  are 
generated  as  a  result  of  the  penetration  of  the  thermal 
wave  and  laser  SW. 

The  penetration  depth  of  the  thermal  wave,  which  is 
formed  under  the  irradiation  of  the  samples,  was 
~  1.5  pm,  much  less  than  the  foil  thickness.  For  this 
reason,  changes  in  the  concentration  of  the  NCC  in 
crystals  cannot  result  from  heating.  The  ionization 
energy  of  the  defects  decreases  because  of  a  decrease 
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of  the  band-gap  energy  (£g)  under  the  SW  action. 
Estimation  shows  that  the  £p  change  is  equal  to 
~  0.01  eV  in  the  investigated  range  of  the  SW  pressure, 
whereas  the  conductivity  increases  by  a  factor  of  2-2.5. 
This  indicates  that  the  concentration  of  the  NCC 
released  from  the  traps  is  comparable  to  the  equilibrium 
concentration.  However,  the  slight  change  in  £e  cannot 
bring  about  ionization  of  all  the  traps.  In  relation  to  the 
aforementioned,  the  increase  of  the  NCC  concentration 
at  low  (below  2  kbar)  pressures  can  be  explained  by  their 
generation  from  deep-level  point  defects  (traps).  The 
saturation  of  the  NCC  with  the  increase  of  the  SW 
pressure  above  3  kbar  can  be  explained  by  accumulation 
of  the  residual  defects  generated  by  the  SW  [4], 

The  mechanism  for  the  formation  of  the  SW  under  the 
action  of  laser  pulses  is  described  in  Ref.  [4].  A  thin  layer 
of  metal  vapor  and  weakly  ionized  plasma  forms  at  the 
interface  when  the  surface  of  the  foil  is  irradiated.  It 
drives  a  wave  of  mechanical  compression  in  front  of 
itself  at  expansion  into  the  volume.  The  SW  can  be 
considered  as  a  directed  flux  of  phonons  which  are 
scattered  by  the  lattice  irregularities.  Here,  the  center  of 
scattering  acquires  a  momentum  which  is  sufficient  to 
form  defects.  These  defects,  in  addition,  can  be  ionized 
since  the  lattice,  compressed  by  the  SW,  is  close  to  the 
limit  of  stability. 

Let  us  discuss  the  experimental  results  after  the  SW 
passage  through  the  crystals.  Since  the  metal  vacancies 
(acceptors)  manifest  themselves  in  the  equilibrium 
conductivity  of  a  p-CdTe  crystal,  we  can  suppose  that 
the  decrease  in  the  equilibrium  conductivity  after  the  SW 
passage  with  £>2kbar  is  related  to  a  changing 
concentration  of  acceptor  centers  in  the  crystals.  Let 
us  consider  the  behavior  of  the  acceptor  centers  after 
repeated  SW  passage.  The  Frenkel  pairs,  isolated 
vacancies,  and  interstitial  atoms  are  formed  in  the 
crystal  under  SW  action.  They  can  interact  with 
impurity  atoms  and  form  stable  defect  complexes  [11]. 
At  repeated  SW  passage,  these  steady  defects  accumu¬ 
late  from  pulse  to  pulse,  in  a  manner  that  is  similar  to 
high-energy  radiation  influence  on  a  semiconductor  [12]. 
It  is  possible  that  a  cadmium  vacancy  forms  during  the 
first  SW  passage,  verified  by  the  appearance  of  the  level 
with  £2  =  0.14eV  (Fig.  3,  curve  4).  The  cadmium 
vacancies  are  transferred  to  the  dislocations  at  the 
second  SW  passage  with  P  >  2  kbar.  The  vacancy 
formation  energy  decreases  because  of  the  repeated 
SW  passage  through  the  crystal.  For  this  reason,  the 
large  amount  of  excess  vacancies  formed  brings  about 
the  additional  distortion  of  the  material  [13].  In  turn, 
this  distortion  can  bring  about  concentration  fluxes 
causing  the  phenomenon  of  “uphill"  diffusion.  Elasti¬ 
cally  strained  layers  formed  in  this  case  dramatically 
enhance  vacancy  diffusion  in  a  bulk  material.  The 
enhanced  diffusion  can  be  related  with:  the  crowdion 
mechanism  of  displacement  of  the  lattice  site  atoms, 


diffusion  to  sinks,  diffusion  along  the  dislocations  with 
the  enhanced  diffusivity,  or  drift  in  the  gradient  of  elastic 
strains,  i.e.  "uphill"  diffusion  [13].  The  migration  rate  of 
atoms  within  the  local  volumes  during  “uphill"  diffusion 
can  be  several  orders  of  magnitude  higher  than  the 
average  mobility  level  of  the  atoms  in  crystals  at  a  given 
temperature.  As  a  result,  the  vacancies  are  localized  in 
the  compressed  regions  (formed  by  both  the  vacancies 
themselves  and  the  SW)  and  form  clusters.  Depending 
on  the  number  of  vacancies,  clusters  take  the  form  of  a 
sphere  or  disk  of  monatomic  thickness,  i.e.  a  dislocation 
loop.  We  observe  the  formation  of  this  dislocation  loop 
in  our  experiment  (Fig.  4).  The  appearance  of  the  band 
4m  =  840  nm  in  photoluminescence  spectra  connected 
to  it  was  observed  previously  [5].  In  many  works  of  other 
authors,  this  dislocation-related  band  is  associated  with 
the  point  centers  of  recombination,  which  include 
cadmium  vacancy  [14].  The  experimentally  observed 
decrease  of  conductivity  after  the  SW  passage  may  be 
explained  by  an  increase  of  the  dislocation  density  [5]. 


4.  Conclusion 

Thus,  the  action  of  a  laser  SW  on  the  p-CdTe  single 
crystals  at  room  temperature  leads  to  the  change  in  its 
conductivity  and  dislocation  structures.  The  conductiv¬ 
ity  of  the  crystals  is  increased  at  the  moment  of  the  SW 
passage,  and  is  decreased  afterwards.  The  increase  in 
conductivity  could  be  explained  by  the  generation  of  the 
NCC  from  deep-level  point  defects  (traps)  under  the  SW 
action.  The  increase  in  the  dislocation  density,  i.e. 
decrease  of  the  acceptors  that  determine  the  value  of  the 
conductivity  could  be  an  explanation  of  the  conductivity 
decrease  after  the  SW  passage.  It  has  been  assumed  that 
the  mechanism  of  dislocation  formation  is  the  creation 
of  a  large  amount  of  excess  vacancies  and  its  formation 
of  clusters  under  a  laser  SW  action. 
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Abstract 

We  have  used  EPR  and  ODMR  to  study  state-of-the-art  bulk  ZnO  single  crystals.  Most  of  the  samples  are  n-type: 
however,  under  certain  conditions  (e-irradiated  or  annealed),  we  observe  a  center  due  to  residual  nitrogen  (y  =  1 .9953, 
—  1-9633  and  A jSO  =  1.225mT,  =  0.864  mT).  The  N  center  is  a  nitrogen  p-orbital  along  the  c-axis,  very  similar 

to  P  or  As  in  ZnSe.  which  have  a  Jahn-Teller  distorted,  deep  state,  seen  in  EPR.  The  intensity  of  the  N  center  is  strongly 
anisotropic,  as  would  be  expected  for  shallow  heavy-hole  acceptors  with  tn,  =  +4  in  which  the  magnetic  dipole 
transition  is  forbidden  for  Bjjc  and  becomes  allowed  away  from  that  orientation  due” to  mixing  with  m/=  ±\  states. 
The  EPR  spectra  for  the  n-type  samples  are  dominated  by  delocalized  donors  (g  =  1.9570  and  <y ,  =  1.9551).”  In  one 
sample,  the  donor  appears  to  be  localized.  These  crystals  also  exhibit  a  broad  PL  band  at  2.5 eV.  ODMR  on  the  2.5  eV 
“green’'  PL  band  reveals  an  S=  1  triplet  center  (not  seen  in  EPR)  with  spin-Hamiltonian  parameters  of  D  =  0.763  GHz, 
g  —  1.9710,  and  cj ±  =  2.0224.  ODMR  of  shallow  donors  is  also  observed  as  a  luminescence-decreasing  feature  on  the 
2.5 eV  green  emission  band.  Published  by  Elsevier  Science  B.V. 

PACS:  7 1.55. 6s:  76.30.Lh:  76.70.Hb 

Keywords:  ZnO;  Magnetic  resonance:  Acceptors;  Donors:  Triplet  state 


1.  Introduction 

There  has  been  renewed  interest  in  ZnO  both  as  a 
potential  substrate  for  nitride  epitaxy  and  as  an  active 
electro-optical  material  for  near-UV  applications  in  its 
own  right  [1,2].  It  has  the  obvious  advantage  over  GaN 
of  being  readily  grown  as  bulk  crystals.  The  primary 
impediment  to  its  development  is  the  lack  of  a  p-type 
dopant.  The  crystals  are  invariably  n-type  due  to  an  as- 
yet  unidentified  donor  and  while  there  have  been  some 
reports  of  p-type  doping  [3.4],  they  are  still  somewhat 
sporadic  and  not  well  understood.  One  potential 
acceptor  is  nitrogen  and  in  this  work,  we  use  electron 
paramagnetic  resonance  (EPR)  to  examine  residual, 
isolated  nitrogen  in  high-quality  bulk  crystals  and  find 
that  it  is  Jahn-Teller-distorted.  We  also  examine  the 
residual  donor  line  and  find  no  hint  of  hyperfine 
splitting,  suggesting  that  an  intrinsic  defect  rather  than 
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an  impurity  may  be  responsible.  Finally,  we  use  optically 
detected  magnetic  resonance  (ODMR)  and  observe  an 
S  -  1  triplet  state  and  discuss  its  possible  origin.  The 
EPR  measurements  were  all  performed  in  a  Bruker 
9.5 GHz  spectrometer,  typically  at  4.2 K.  The  ODMR 
experiments  were  performed  on  the  2.5  eV  green 
photoluminescence  (PL)  at  24  GHz  and  1.6  K  using  the 
351  nm  line  of  an  Ar  5  laser  for  excitation. 

2.  Nitrogen 

In  two  samples  (one  annealed  at  850"C  and  a  second 
e-irradiated),  we  observe  a  three-line  spectrum  due  to 
nitrogen  (the  only  100%  abundant  /  =  1  nucleus), 
illustrated  in  Fig.  1  for  several  rotations  about  the 
(1  12  0)  axis.  In  addition  to  the  set  of  three  relatively 
strong  lines,  there  are  several  weaker  lines,  which  we 
shall  not  discuss  further  in  this  paper.  These  three  lines 
have  nearly  axial  symmetry  (rotation  about  the  oaxis 
does  little  to  either  their  splitting  or  their  central 
position)  and  equal  integrated  intensities.  The  EPR 
parameters  are  (assuming  axial  symmetry  which  fits 


092 1  -4526/0 1/S- see  front  matter  Published  by  Elsevier  Science  B.V. 
PII:  S0921  -4526(01  )00850-X 


W.E.  Carlos  et  al  /  Physica  B  308-310  (2001)  976-979 


977 


Fig.  1.  The  EPR  signal  of  the  N  center  at  selected  orientations. 
The  lineshapes  of  the  signal  for  B||c  are  shown  in  the  inset. 


very  well)  g±  =  1.9633  and  —  1.9953  and 
Also  =  1.225  mT  and  ,4aniso  =  0.864  mT.  The  large  aniso¬ 
tropy  in  the  hyperfine  interaction  suggests  a  p-orbital 
and  an  atomic  orbital  analysis  yields  a  center  that  is 
96%  p  and  4%  s  and  45%  localized  on  the  N  atom.  This 
is  very  similar  to  the  deep  state  of  As  or  P  in  ZnSe  [5]-— a 
p-orbital  on  the  impurity  atom  which  is  Jahn-Teller- 
distorted,  along  the  c-axis  away  from  the  substitutional 
site.  A  qualitative  physical  argument  for  the  behavior  of 
group  V  acceptors  substituting  for  S  or  Se  in  other  II-VI 
compounds  has  been  given  by  Chadi  [6].  He  argued  that 
the  acceptor  atom  must  have  significantly  higher 
ionization  energy  than  the  host  anion  to  avoid  a  deep 
Jahn-Teller  distorted  state.  Hence,  N  does  not  have  a 
deep  state  in  ZnSe,  while  As  and  P  do.  Extending  this 
argument  to  ZnO :  N,  the  ionization  energies  of  N  and  O 
are  similar,  suggesting  that  it  may  be  deep,  consistent 
with  our  observations.  Of  course,  As  and  P  have  even 
smaller  ionization  energies  [7]  and  one  would  expect  a 
deep  state  for  them  as  well.  Recent  calculations  by 
Yamamoto  and  Katayama-Yoshida  have  also  indicated 
that  isolated  N  forms  a  deep  state  [8]. 

The  biggest  puzzle  with  these  lines  is  the  variation  of 
intensity  with  orientation.  In  Fig.  2,  we  see  that  the 
integrated  intensity  of  all  the  three  lines  vary  by  an  order 
of  magnitude  with  angle  (also  noticeable  in  Fig.  1). 
However,  all  the  three  have  very  similar  intensities.  (The 
departure  around  85°  is  an  artifact  due  to  one  of  the 
weaker  resonances  mentioned  above  overlapping  with 
the  low  field  line.)  This  is  more  typical  of  a  heavy  hole 
(mj  =  +§)  in  which  the  EPR  transition  is  forbidden  for 


Fig.  2.  The  integrated  intensity  of  the  N  center  as  a  function  of 
orientation.  The  error  bars  give  the  range  of  intensities  for  the 
three  lines. 

B  ||  c  but  becomes  allowed  away  from  that  orientation 
due  to  mixing  with  the  mj  =  ±\  states  [9]. 

Note  that  the  linewidth  of  the  high  field  line  is  always 
smaller  than  that  of  the  low  field  line.  We  argue  that 
some  of  the  linewidth  is  due  to  inhomogeneities  in  the  g 
shift  and  hyperfine  interaction.  Consider  the  following 
argument.  A  site  that  is  a  little  more  (less)  p-like  will 
have  a  larger  (smaller)  g  shift  and  a  smaller  (larger) 
hyperfine  splitting.  This  will  tend  to  increase  the  width 
of  the  m\  —  - 1  (low  field)  line  and  decrease  the  width  of 
the  mi  =  +1  (high  field).  The  central  mi  —  0  line  is,  of 
course,  not  affected  by  a  distribution  in  A  but  only  by  a 
distribution  in  g  values.  Near  0°  or  90°,  we  have 
minimums  or  maximums  in  the  g  shift  and  the  hyperfine 
parameter  A,  hence,  small  variations  in  the  character  of 
the  wave  function  are  less  important  and  linewidths 
become  equal  to  each  other.  Note  that  near  B||c,  the 
spectra  are  extremely  sharp,  as  seen  in  the  inset  to  Fig.  1. 
The  g  value  is  near  2  here  and  so,  since  the  g  shift  is 
small,  there  is  virtually  no  inhomogeneous  broadening 
due  to  variations  in  g . 


3.  Donor  resonance 

Most  of  the  samples  show  a  strong  donor  line  with  an 
axial  g  tensor  (g^  =  1.9570  and  g L  =  1.9551).  The  line  is 
Lorentzian,  not  easily  saturated,  and  approximately 
200  pT  wide,  narrowing  with  increasing  temperature  to 
~20pT  at  20  K.  An  isolated  donor  should  have  a  long 
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relaxation  time  and  is  easily  saturated— Ga  or  In  in 
ZnO  are  easily  saturated  (at  microwave  powers  of 
MW  vs.  1  mW  used  for  these  resonances)  [10].  This 
indicates  that  the  electron  is  not  isolated  at  a  single  site 
but  rather  in  an  impurity  band,  possibly  physically 
hopping  from  one  site  to  another.  This  would  average 
out  any  hyperfine  interaction  and  make  identification 
difficult.  The  integrated  intensity  gives  ~  10l6spins/cc. 
This  result  is  somewhat  surprising — in  general,  we 
observe  impurity  banding  at  higher  concentrations, 
i.e.,  when  Bohr  orbitals  start  to  overlap.  For  example. 
Si :  P  has  two  hyperfine  split  lines  for  concentrations  up 
to  the  mid-1017  range  [11]. 

In  the  samples  that  show  the  nitrogen  center  (either 
after  annealing  or  after  e-irradiation),  we  do  observe 
what  appears  to  be  an  isolated  donor.  The  donor  line  in 
this  sample  is  badly  saturated  (i.e.,  probably  due  to 
isolated  centers).  The  upper  lineshape  in  Fig.  3,  obtained 
using  rapid  passage  conditions  with  low  modulation 
frequencies,  has  an  even  sharper  width  (~  100  pT)  than 
the  delocalized  donors  more  commonly  seen.  The  line 
shows  no  splitting  and  has  a  significantly  different  g 
tensor,  (g  —  1.9555  and  g±  =  1.9540)  The  difference  in 
the  g  shift  is  about  3%  compared  to  that  of  about  7% 
between  isolated  donors  and  impurity  band  electrons  in 
Si  [11]. 


Fig.  3.  The  EPR  signals  for  the  donor  line  with  B||c  for  an 
unannealed  sample  and  a  sample  annealed  at  850  C.  As 
mentioned  in  the  text,  the  spectrum  for  the  annealed  sample 
was  taken  using  rapid  passage  techniques. 


There  are  two  classes  of  ideas  for  the  residual  donor: 
intrinsic  defects  and  impurities.  We  have  not  been  able 
to  resolve  any  hyperfine  structure  due  to  the  4% 
abundant  Zn  isotope  (I  =  5/2)  which  might  give  us 
some  indication  that  we  are  looking  at  a  Zn-interstitial 
or  O-vacancy  based  center.  (The  isolated  Ov  has  been 
observed  in  e-irradiated  material  and  is  thought  to  be 
deep.)  In  either  case,  hyperfine  satellites  would  be  weak 
1  %  of  the  central  line).  The  second  class  of  ideas  are 
impurities,  such  as  hydrogen,  as  Van  de  Walle  has 
suggested  [12],  or  a  simple  impurity  such  as  Ga.  All  these 
involve  100%  abundant  7^0  nuclei,  which  would  give  a 
hyperfine  splitting.  A  simple  substitutional  donor  would 
certainly  give  observable  hyperfine  splitting  or  broad¬ 
ening.  However,  Van  de  Walle’s  calculations  indicate 
that  the  hydrogen  atom  would  sit  in  a  bond-centered  site 
and  muon  spin  rotation  (pSR)  studies  on  other 
semiconductors  do  indicate  that  such  a  site  would  have 
a  much  smaller  central  hyperfine  interaction.  Recent 
pSR  experiments  on  ZnO  powder  do  indicate  a  small 
hyperfine  interaction  [13]  which  would  not  be  resolved 
by  ordinary  EPR.  Electron  nuclear  double  resonance 
experiments  could  resolve  hyperfine  interactions  (esti¬ 
mated  to  be  on  the  order  of  100  kHz)  and  reveal  any 
anisotropy  which  would  be  expected  for  a  bond-centered 
site.  It,  therefore,  remains  to  be  determined  whether  the 
dominant  residual  donor  is  H  (or  another  impurity)  or  a 
lattice  defect. 


4.  ODMR  of  triplet  center 

In  these  samples,  there  is  a  broad  green  PL  band 
centered  about  2.5  eV,  very  similar  to  that  which  has 
been  previously  observed  from  ZnO  powders  and 
platelets  [14],  Several  models  have  been  proposed  for 
this  emission,  including  a  Frenkel  pair  transition  for  a 
Ziij  to  a  VZn,  an  electronic  transition  between  an  O 
vacancy  and  a  free  hole  or  an  internal  transition  of 
Cu/n .  To  better  understand  this  emission,  we  have 
performed  ODMR  on  this  band  [15].  The  spectra  at 
various  orientations  are  shown  in  Fig.  4  for  an 
unannealed  n-type  sample.  (Similar  spectra  were  ob¬ 
served  for  annealed  and  lightly  e-irradiated  samples.)  In 
addition  to  the  shallow  donor  (and  the  N  center  in  the 
annealed  sample),  we  observe  an  5=1  triplet  center 
with  resonance  parameters  of  D  =  0.763  GHz,  g  = 
1.9710  and  g±  =  2.0224.  This  center  is  not  observed  in 
our  EPR  measurements.  We  have  performed  modula¬ 
tion  frequency  and  excitation  power  studies,  but  do  not 
resolve  any  additional  pairs  of  exchange  split  lines,  as 
are  observed,  for  example,  in  ZnSe  [16].  This  seems  to 
argue  for  a  defect  with  a  more  unique  electron-hole 
separation  such  as  an  impurity  or  a  simple  lattice  defect. 

As  mentioned  above,  we  also  observe  the  shallow 
donor  resonance  as  a  PL-decreasing  signal  in  the 
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MAGNETIC  FIELD  (mT) 


Fig.  4.  The  ODMR  spectrum  of  the  unannealed  sample  as  a 
function  of  angle.  The  dashed  line  traces  the  orientation 
dependence  of  the  triplet  center. 


ODMR.  This  suggests  a  competition  for  the  donor 
electrons  in  the  optical  processes.  For  example,  the 
donors  can  trap  e-h  pairs  (“donor-bound  excitonic 
recombination”)  and  also  provide  carriers  (“spin-depen- 
dent  electron  transfer”)  that  help  to  form  the  S  =  1 
triplet  center. 

5.  Summary 

We  have  discussed  three  centers  in  state-of-the-art 
bulk  ZnO  single  crystals:  one  due  to  isolated  residual 
nitrogen,  another  due  to  residual  donors  and  the  last  due 
to  an  S  =  1  triplet  center  which  is  only  observed  using 
ODMR  and  is  currently  unidentified. 
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Abstract 

The  electric  field  gradients  (EFG)  caused  by  group  V  acceptors,  group  lb  acceptors  and  the  cadmium  vacancy  in 
CdTe  are  calculated  using  the  linearised  augmented  plane  wave  method  and  compared  to  the  corresponding 
experimental  values.  Experimentally,  the  EFG  are  determined  by  the  perturbed  yy-angular  correlation  spectroscopy 
with  the  radioactive  probe  isotopes  1 1  'in  and  77Br.  Besides  the  chemical  nature,  information  about  the  charge  state  and 
the  lattice  relaxation  associated  with  each  defect  is  obtained,  (r  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  6l.72.Vv:  71.20.Nr:  76.80.  +  y 

Keywords:  Electric  field  gradients:  Perturbed  yy-angular  correlation:  Density  functional  theory:  II  VI  semiconductors 


1.  Introduction 

Defects  in  semiconductors  induce  characteristic  elec¬ 
tric  field  gradients  (EFG)  at  neighbouring  lattice  sites. 
The  EFG  is  measured  via  its  interaction  with  the  nuclear 
electric  quadrupole  moment  of  a  suitable  probe  atom  by 
different  experimental  techniques,  such  as  perturbed  yy- 
angular  correlation  (PAC),  Mossbauer  spectroscopy, 
nuclear  quadrupole  resonance  or  electron  nuclear 
double  resonance.  Defect-related  EFG  have  been 
successfully  used  as  'fingerprints’  of  the  respective 
defects  in  the  past,  because  they  are  very  sensitive  to 
an  anisotropic  charge  distribution  about  the  probe 
nucleus,  caused,  for  example,  by  a  neighbouring  defect 
[1,2].  However,  the  EFG  by  itself  does  not  tell  much 
about  its  microscopic  origin  so  that  due  to  the  lack  of 
appropriate  theories  for  predicting  the  EFG  of  a  distinct 
defect,  lots  of  defects,  though  experimentally  well 
characterised  via  their  EFG,  have  remained  unidentified. 
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The  EFG  discussed  in  this  paper,  are  experimentally 
determined  by  PAC  spectroscopy,  using  the  radioactive 
PAC  probe  atoms  11 'in  and  77Br.  The  investigation  of 
defects  in  semiconductors  using  PAC  spectroscopy  is 
described  in  detail  in  Ref.  [2].  In  the  II— VI  semiconduc¬ 
tor  CdTe,  both  '"in  and  7'Br  are  donor  atoms,  which 
can  form  close  donor-acceptor  (D-A)  pairs  with  stable 
acceptors,  driven  by  the  Coulomb  attraction  of  ionised 
donors  and  acceptors.  The  actual  PAC  measurement 
takes  place  after  the  radioactive  decay  of  the  parent 
probes  "'in  and  77Br  at  the  /  =  5/2  excited  state  of  the 
daughter  isotopes  niCd  and  77Se,  respectively,  and 
yields  the  quadrupole  coupling  constant  vq,  related  to 
the  EFG  by  vq  =  \eQV:z/h\,  along  with  the  asymmetry 
parameter  tj  =  ( Vxx  -  Vyy)/  Vz:(\  Vxx\ <  |  Vyy\ ^  \  V::\).  The 
component  V::  is  calculated  from  vq  using  the  quadru¬ 
pole  moments  Q  -  0.83b  for  ‘“Cd  [3]  and  0.76b  for 
77Se  (/  —  5/2)  [4].  It  is  noted  that  the  daughter  isotope 
"'Cd  of  the  PAC  probe  11 'in  is  a  host  atom  in  CdTe, 
and  the  EFG  characterises  the  isolated  defect  originally 
trapped  at  the  '"in  donor.  In  the  case  of  77Br,  the 
daughter  isotope  77Se  is  isoelectronic  to  the  Te  host  and 
consequently,  the  EFG  characterises  the  defect  pair, 
consisting  of  a  stable  acceptor  and  the  isoelectronic  77Se 
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isotope.  Exemplified  for  the  group  V  acceptor  N  and  the 
group  lb  acceptor  Ag,  the  local  defect  structure  after  the 
radioactive  decay  of  the  employed  PAC  probes  is 
sketched  in  Fig.  1. 

By  the  detection  of  the  fraction  of  probe  nuclei,  which 
are  exposed  to  the  characteristic  EFG  of  a  distinct 
defect,  the  presence  of  this  defect  is  immediately  proven 
and,  at  the  same  time,  thermodynamic  parameters  of  the 
involved  defects,  such  as  binding  and  migration  energies, 
can  be  determined.  If  fluctuation  rates  become  compar¬ 
able  to  the  spin  precession  frequencies  induced  by  the 
EFG,  electronic  as  well  as  geometrical  changes  of  the 
complex  formed  with  the  (daughter)  probe  can  be 
observed  (cf.  [2]).  Since  this  kind  of  information  is 
useful  only  if  the  observed  EFG  is  assigned  to  the 
correct  defect  model,  the  reliable  EFG  calculation  is  an 
appreciated  complement  to  the  PAC  spectroscopy. 

For  more  than  a  decade,  calculations  based  on  the 
density  functional  theory  (DPT)  formalism  have  been 
used  for  determining,  theoretically,  the  properties  of 
defects  in  semiconductors  (e.g.  [5]),  but  calculations 
yielding  also  the  EFG  caused  by  impurities,  came  up 
only  recently  [6,7].  In  the  present  work,  the  linearised 
augmented  plane  wave  (LAPW)  code  WIEN97  [8]  is 
employed  for  EFG  calculation.  Exchange  and  correla¬ 
tion  effects  are  treated  in  the  generalised  gradient  app¬ 
roximation  as  described  in  Ref.  [9],  being  a  development 
based  on  the  local  density  approximation  (LDA).  The 
general  treatment  of  a  defect  in  a  semi-conductor  host 
lattice  within  this  method  is  performed  according  to  Ref. 
[7],  where  a  BCC  supercell  with  a  32  atom  basis  and  the 
tetrahedral  symmetry  of  the  Td  point  group  was  used. 
Here,  we  are  also  dealing  with  cases  in  which  two 
impurity  atoms  are  introduced  into  the  supercell  and 
consequently,  the  symmetry  is  lowered  to  C$v. 

2.  Donor-acceptor  pairs  with  1HIn  in  CdTe 

For  the  D-A  pairing  of  111  In  donors  with  group  V 
acceptors  in  CdTe,  the  experimental  EFG  obtained  by 


Fig.  1.  Local  defect  structure  after  the  radioactive  decay  of  the 
parent  PAC  probe:  (a)  N  acceptor  trapped  at  a  11 ‘in  donor 
which  decays  to  11 'Cd  (tetrahedral  symmetry);  (b)  Ag  acceptor 
trapped  at  a  77Br  donor  which  decays  to  77Se  (trigonal 
symmetry).  Arrows  indicate  structural  relaxation. 


Table  1 

Experimental  EFG,  calculated  EFG,  and  calculated  relaxation 
of  the  NN-Cd  shell  for  the  group  V  acceptors  in  CdTea 


Acceptor 

Experiment  [10] 

Theory  [7] 

Vzz  [1021V/m2] 

Vzz  [1021V/m2] 

Relaxation  [%] 

Nfc 

±13.95(5) 

-13.7 

21.7 

Pfc 

±10.56(9) 

-11.2 

11.0 

ASTc 

±9.27(5) 

-9.5 

8.3 

SbTe 

±7.62(5) 

-8.1 

3.3 

aThe  EFG  refer  to  the  NN-Cd  site  and  to  the  ionised 
acceptor  (e.g.  Njc).  The  experimental  EFG  obtained  with  the 
111  In  PAC  probe  is  axially  symmetric  ( t]  =  0),  in  all  cases,  as 
expected  for  the  tetrahedral  symmetry  of  the  defect.  Relaxation 
values  are  given  in  percent  of  the  NN  distance  in  CdTe  (2.81  A) 
and  refer  to  the  atomic  movement  indicated  by  the  arrows  in 
Fig.  la. 


PAC  is  compared  to  the  calculated  EFG  in  Table  1 
[10,7].  Here,  the  use  of  T d  symmetry  in  the  calculation 
implies  y\  —  0.  The  LAPW  calculations  yield  excellent 
agreement  of  the  EFG  at  a  nearest  neighbour  (NN)  Cd 
site  with  the  experimental  data  in  the  case  of  the  ionised 
group  V  acceptors  [7].  Structural  relaxation  (cf.  Fig.  la) 
is  found  to  be  crucial  for  an  accurate  EFG  calculation: 
The  relaxation  of  the  NN-Cd  atoms  towards  the  group 
V  acceptor  by  1%  of  the  undisturbed  Cd-Te  bondlength 
increases  the  calculated  EFG  by  about  1021V/m2,  i.e.  by 
about  10%.  Regarding  the  strong  relaxation  of  more 
than  20%  for  the  N  acceptor  (cf.  Table  1),  it  is  clear  that 
without  taking  into  account  the  relaxation,  a  calculated 
EFG  is  meaningless.  The  high  accuracy  of  the  calculated 
EFG  gives  also  evidence  of  the  accuracy  of  the 
calculated  lattice  relaxation  in  the  context  of  the  high 
sensitivity  of  the  EFG  to  the  local  structure.  The 
occurrence  of  a  second  EFG,  experimentally  observed 
after  As  and  additional  Li  doping,  is  interpreted  in  terms 
of  the  neutral  As  acceptor  As0  [7].  The  agreement  with 
the  calculated  value  for  As0  shows  that  the  calculation  of 
EFG  for  non-ionised  acceptor  states  can  be  reliable  even 
for  the  rather  small  cell  size  of  32  atoms,  where  the 
spatial  expansion  of  the  bound  hole  exceeds  the  size  of 
the  supercell.  Thus,  in  cases  where  the  EFG  depends 
significantly  on  the  charge  state  of  the  defect,  the  EFG 
calculation  can  be  used  to  determine  the  actual  charge 
state  observed  in  an  experiment. 


3.  Donor-acceptor  pairs  with  77Br  in  CdTe 

The  implantation  of  the  radioactive  77Br  isotopes  into 
CdTe  crystals  was  performed  at  the  ISOLDE  mass 
separator  at  CERN  (Geneva,  CH).  The  experimental 
results  obtained  for  the  D-A  pairs  of  77Br  donors  with 
stable  group  lb  elements  are  briefly  summarised  in 
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Table  2 

Experimental  and  calculated  EFG  for  group  lb  acceptors  and 

VCda 


Acceptor 

Experiment 

Theory 

Vzz  [102,V/nr] 

V:z  [102lV/nr] 

Cucd 

±5.3(2) 

-3.6 

Aged 

±6.7(2) 

-6.7 

Au(d 

±2.6(3) 

-1.1 

Vfd 

±10.2(2) 

-10.8 

1  The  EFG  refer  to  the  NN-SeIc  site  and  to  the  ionised  state 
of  the  defect.  The  experimental  EFG  obtained  with  the  77Br 
PAC  probe  is  axially  symmetric  (//  =  0)  in  all  cases. 


Table  2.  A  more  detailed  discussion  of  the  experiments  is 
given  in  Ref.  [11].  Due  to  the  relatively  weak  EFG  for 
the  Au  acceptor,  the  corresponding  experimental  data 
are  difficult  to  interpret  in  a  unique  way.  The  assump¬ 
tion  that  the  "Se  probes  are  located  in  a  disturbed 
lattice  environment,  would  also  be  consistent  with  the 
PAC  spectra  observed  after  Au  doping.  Thus,  the  value 
for  the  Au  acceptor  given  in  Table  2  is  obtained  by 
assuming  an  axially  symmetric  EFG  tensor,  as  it  is 
measured  for  the  Cu  and  Ag  acceptors.  Attributed  to  the 
77SeTo-AuCd  configuration,  the  EFG  is  unexpectedly 
small  for  an  NN  pair  if  it  is  compared  to  the  EFG  for 
the  Cu  and  Ag  acceptors  or,  for  example,  with  the  EFG 
for  the  group  V  acceptors  (Table  1).  It  has  rather  a 
strength  that  is  typical  for  cases  where  the  probe  and  the 
trapped  defect  form  more  distant  next  nearest  neighbour 
(NNN)  pairs  [2].  Thus,  based  solely  on  experimental 
observations,  the  interpretation  of  the  PAC  data 
obtained  with  the  7/Br  probe  is  particularly  difficult 
regarding  Au-doped  CdTe  crystals,  and  support  from 
theoretical  tools  is  highly  appreciated. 

After  implantation  of  77Br  into  undoped  CdTe 
samples,  an  EFG,  characterised  by  vq  =  188(4)  MHz, 
^  =  0.0(1)  is  observed  [11].  Based  on  the  annealing 
behaviour  under  Cd  vapour  pressure,  this  EFG  is 
interpreted  with  the  formation  of  bromine  A  centres, 
i.e.  close  pairs  of  77Br  donors  with  the  acceptor-like 
cadmium  vacancy.  The  theoretical  determination  of 
EFG  is  particularly  interesting  in  the  case  of  intrinsic 
defects,  such  as  the  present  example  of  VC  ti  in  CdTe, 
because  here,  the  defect  identification  is  generally  more 
difficult  than  in  the  previous  examples  where  the  77Br 
donors  form  D-A  pairs  with  deliberately  introduced 
dopants. 

As  mentioned  above,  the  calculation  of  the  EFG  at  a 
SeTe  site  in  CdTe.  induced  by  a  neighbouring  group  lb 
acceptor,  requires  that  two  impurity  atoms  are  intro¬ 
duced  into  the  supercell  used  for  the  LAPW  calculation, 
leading  to  a  Cy  symmetry.  Compared  to  the  T,\ 
symmetry,  the  calculation  becomes  more  demanding: 
First,  less  symmetry  operations  can  be  exploited  in  order 


to  reduce  the  computational  effort.  Second,  there  are 
more  degrees  of  freedom  for  structural  relaxation  (cf. 
Fig.  lb)  so  that  finding  the  equilibrium  positions  of  the 
atoms  in  the  supercell  becomes  a  lengthy  task.  Including 
relaxation  of  all  atoms  in  the  supercell,  the  calculated 
EFG  for  the  ionised  group  lb  acceptors,  i.e. 
Cu(  t!,  Ag^d  and  Au^d,  and  for  the  ionised  cadmium 
vacancy  V^-d  are  compared  to  the  experimental  data  in 
Table  2.  Here,  the  use  of  Cv  symmetry  in  the  calculation 
implies  t/  =  0.  The  detailed  results  for  the  relaxation  of 
the  77Se  probe,  the  group  lb  acceptor,  and  the 
neighbouring  atoms — i.e.  all  atomic  positions  shown 
in  Fig.  lb — are  listed  separately  in  Table  3.  For  the  Ag 
acceptor  and  the  cadmium  vacancy,  the  EFG  calcula¬ 
tion  reaches  the  high  degree  of  agreement  as  in  the  case 
of  the  group  V  acceptors.  For  the  Cu  and  Au  acceptors, 
the  calculated  EFG  differ  from  the  experimental  values 
by  about  1.5  x  10-1  V/nr,  but  are  still  close  enough  to 
confirm  the  proposed  defect  model,  i.e.  77Selc-Cucd  and 
77SeTc-Auai  complexes.  (Note  that  absolute  differences 
between  calculated  and  experimental  EFG  should  be 
regarded  rather  than  relative  ones,  because  Vzz  can 
assume  negative  and  positive  values  including  zero.)  In 
particular,  the  unusually  low  magnitude  of  the  EFG 
caused  by  the  Au  acceptor  at  an  NN  site,  is  clearly 
reproduced.  For  the  neutral  state  of  the  group  lb 
acceptors,  the  EFG  is  calculated  to  be  more  positive  by 
up  to  2.5  x  1021  V/nr,  yielding  less  agreement  with  the 
experimental  data.  Consequently,  the  measured  EFG 
are  attributed  to  the  ionised  state,  in  accordance  with  the 
observation  for  the  group  V  acceptors  [7],  In  contrast, 
the  calculated  EFG  for  the  neutral  and  the  singly 
charged  Cd  vacancy  do  not  differ  much  from  the  value 
for  V2d  (-9.6  x  1021  and  -9.1  x  102!V/nr  for  V£d  and 
VCd),  so  that  the  EFG  calculation  supports  the 
identification  of  Vc\i,  but  the  assignment  of  the 
measured  EFG  to  a  specific  charge  state  cannot  be 
made  definitively.  It  is  noted,  that  the  trigonal  symmetry 
used  for  the  calculation  of  the  Serc-Vcd  defect  complex 
in  principle  allows  the  Jahn-Teller  relaxation  which  is 
expected  for  Vj|-d  and  V^d.  However,  the  LAPW 
calculations  give  no  indication  for  a  Jahn-Teller  effect. 
The  properties  of  both  the  anion  and  cation  vacancy  in 
CdTe  are  discussed  in  detail  in  a  parallel  paper  [12]. 

Tabic  3 

Calculated  relaxation  of  the  local  environment  about  the  group 
lb  acceptors  and  Vfj.  Values  are  given  in  percent  of  the  NN 
distance  in  CdTe  (2.81  A)  and  refer  to  the  relaxations  indicated 
by  the  arrows  along  the  Te  Ag  Sc-Cd  chain  in  Fig.  lb. 


Te 

Acceptor 

Se 

Cd 

Cu<  d  Se,c 

8.7 

4.9 

7.6 

8.0 

Age  d  Se  ]  c 

3.2 

5.4 

0.6 

6.0 

A  Ued  Sen.. 

3.9 

4.6 

1.4 

6.2 

V(d  SCjc 

13.4 

— 

8.6 

9.3 

S.  Lany  et  al.  /  Physica  B  308-310  (2001)  980-984 


983 


E  ~  ^VBM 


Fig.  2.  (a)  Total  DOS  for  a  CdTe  32  atom  supercell  containing 
a  Sejc-Cucd  pair.  The  dominant  characters  of  the  wavefunc- 
tions  are  indicated;  (b)  site-projected  DOS  for  Cucd,d(/  =  2) 
contribution;  (c)  site-projected  DOS  for  Se-rc5p(7=l)  con¬ 
tribution. 


Though  very  useful  for  the  interpretation  of  the 
experimental  data,  the  EFG  calculations  yield  somewhat 
lesser  agreement  with  experiment  for  the  group  lb 
acceptors,  compared  to  the  group  V  acceptors.  This  is 
probably  a  consequence  of  the  LDA  used  in  DFT 
calculations,  which  does  not  exactly  describe  the  outer  d 
electrons  of  the  group  lb  elements.  In  Fig.  2a,  the 
calculated  electronic  density  of  states  (DOS)  for  a 
supercell  containing  a  SeTe-CuCd  pair  is  shown,  and 
the  predominant  character  of  the  wavefunctions  in  the 
different  sections  of  the  spectrum  is  indicated.  In  Ilb-VI 
compounds,  the  outer  cation  d  electrons  (e.g.  the  Cd-4d 
electrons  in  CdTe)  interact  with  the  anion  p  states 
making  up  the  upper  part  of  the  valence  band  [13].  The  d 
states  of  the  group  lb  elements  in  CdTe  are  more  loosely 
bound  than  the  Cd-d  states  and  lie  in  an  energy  region 
which  coincides  with  the  energetic  position  of  the  Se-p 
states.  This  is  clearly  visible  in  Figs.  2b  and  c,  where  the 
site-projected  and  angular-momentum-decomposed 
DOS  is  plotted  for  Cu-d  and  Se-p  states.  The  smaller 
energy  separation  between  the  Cu-d  and  the  Se-p  states 
compared  to  the  Cd-d  and  the  Te-p  states  leads  to  a 
stronger  interaction,  where  the  Se-p.  orbital  (directed 
towards  CuCd)  is  affected  rather  than  the  Se-pv  and 
Se-pr  orbitals  due  to  symmetry.  It  is  well  known  that  the 
LDA  underestimates  the  binding  energy  of  the  cation  d 
electrons  (e.g.  [13])  and  a  similar  effect  can  be  expected 
for  the  outer  d  electrons  of  the  group  lb  acceptors.  This 
means,  however,  that  the  coupling  between  the  Se-p 
states  and,  e.g.  the  Cu-d  states  is  not  estimated  exactly 
and  an  error  can  be  introduced  in  the  calculated  EFG, 
because  of  the  anisotropic  influence  of  the  Cu-d 


electrons  from  the  point  of  view  of  the  Se  atom.  This 
argument  holds  for  all  the  three  group  lb  acceptors,  so 
that  the  exact  agreement  with  the  experimental  value  for 
the  Ag  acceptor  seems  to  be  rather  fortuitous.  In 
general,  it  should  be  emphasised  that  the  EFG  calcula¬ 
tions  have  proven  to  be  very  helpful  for  defect 
identification  even  in  the  case  of  the  group  lb  acceptors 
in  CdTe,  which  is  a  rather  difficult  case  for  EFG 
calculations  based  on  the  DFT-LDA  formalism  due  to 
the  energetically  high-lying  d  orbitals. 


4.  Summary  and  outlook 

LAPW  calculations  are  presented  for  isolated  group  V 
acceptors  and  for  defect  complexes  consisting  of  a  group 
lb  acceptor  and  a  Se  neighbour  in  the  II-VI  semicon¬ 
ductor  CdTe.  The  theoretically  determined  EFG  are 
used  to  support  the  identification  of  defects.  In 
particular  for  the  Au  acceptor,  where  the  experimental 
situation  is  ambiguous,  a  clear  interpretation  is  achieved 
only  by  support  of  the  EFG  calculation.  Furthermore, 
the  assignment  of  an  experimentally  observed  EFG  to 
the  Cd  vacancy  is  confirmed  by  means  of  the  LAPW 
calculations.  Future  work  will  focus  on  cases,  where  the 
PAC  probe  and  the  investigated  defect  are  next  nearest 
neighbours,  on  self-compensation  mechanisms  such  as 
DX  and  AX  centre  formation,  and  on  defects  in  other 
II-VI  semiconductors  than  CdTe,  such  as  ZnSe. 

In  general,  it  has  been  shown  that  by  comparing  the 
experimentally  and  theoretically  determined,  defect- 
related  EFG,  information  about  the  chemical  nature, 
the  charge  state,  and  the  lattice  relaxation  associated 
with  each  defect  is  obtained.  This  is  more  important  as 
for  more  than  50  defect  complexes,  studied  in  different 
semiconductors,  experimental  EFG  are  available. 
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Abstract 

The  similarities  between  ZnO  and  GaN  samples  reveal  that  the  semiconductor  oxide  is  a  potential  material  as  a 
promising  material  for  optoelectronic  devices.  In  this  work,  we  study  by  spectroscopic  and  RBS  techniques  the 
characteristics  of  bulk  ZnO.  A  comparison  between  the  energy  separation  of  the  several  groups  of  near  band  edge 
photoluminescence  emission  bands  and  the  energy  separation  between  the  free  exciton  resonances  observed  in 
reflectivity  is  made.  We  report  on  the  luminescence  dependence  from  temperature  and  the  variation  of  the  relative 
intensities  of  the  lines.  From  the  data,  an  assignment  of  recombination  centers  is  discussed.  ©  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  PL;  TRPL;  RBS;  ZnO 


1.  Introduction 

Due  to  its  wide-gap  of  3.37  eV  at  room  temperature 
and  its  strong  exciton  binding  energy  of  60meV  the 
binary  ZnO  have  many  potential  applications  in  short- 
wavelength  light-emitting  devices.  Recent  development 
in  growth  techniques  has  enabled  the  growth  of  ZnO 
epilayers  on  a  wide  variety  of  substrate,  even  with  large 
lattice  mismatch  [1,2].  For  this  reason,  there  has  been  a 
renewed  interest  in  ZnO.  The  studies  of  ZnO  epilayers 
has  its  base  on  knowledge  of  the  bulk  crystal  properties, 
i.e.,  the  band  gap  evolution  with  temperature,  the 
binding  energies,  the  transitions  of  the  un-doped  crystal 
including  shallow  and  deep  emission  levels. 

In  this  paper,  we  study  the  photoluminescence  and 
reflectivity  of  bulk  ZnO  as  a  function  of  temperature. 
The  near  band  edge  is  studied  in  terms  of  energy 
separation  to  the  free  excitons  evolution  with  tempera¬ 
ture.  The  assignment  of  the  emission  centers  is  made, 
comparing  between  excited  states,  rotator  states  or 
binding  with  the  different  excitons.  Parameters  are 
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obtained  for  the  gap  evolution  in  temperature  using 
three  models. 

2.  Experimental  details 

PL  measurements  were  carried  out  with  a  325  nm  CW 
He-Cd  laser  and  the  excitation  power  density  was 
typically  <0.6Wcm-2.  A  325  nm  band  pass  filter  was 
used  to  attenuate  lines  other  than  the  325  nm  laser  line 
and  a  low  pass  sharp  cut  off  filter  was  used  to  stop  the 
laser  light.  PL  was  measured  at  temperatures  between  14 
and  300  K  using  a  closed  cycle  helium  cryostat.  The 
luminescence  was  dispersed  by  a  Spex  1704  monochro¬ 
mator  (lm,  1200/mm)  and  detected  by  a  cooled 
Hamamatsu  R928  photomultiplier. 

The  samples  were  excited  with  incident  light  parallel 
to  the  oaxis  of  the  crystal,  i.e.  with  the  electric  field 
perpendicular  to  c.  The  emitted  light  was  collected  in 
two  configuration,  at  an  angle  of  0°  from  excitation,  i.e. 
Elc,  and  at  90°,  i.e.  1  or  ||  to  c-axis. 


3.  Results  and  discussion 

The  near  band  edge  photoluminescence  recorded  at 
15  K  in  the  0°  configuration,  electric  field  E  of  the 
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emitted  light  perpendicular  to  the  c-axis,  exhibits  14  lines 
(Fig.  1).  The  emissions  of  A  free  exciton  are  presents; 
emission  of  the  B  and  C  band  is  not  observed.  The  same 
spectrum  was  obtained  in  the  90"  configuration.  In  that 
configuration  the  use  of  a  polarizator,  in  any  orientation 
(1  or  ||  to  c-axis),  makes  the  photoluminescence  of  the 
near  band  edge  to  collapse,  indicating  the  unexpected 
non-polarization  of  the  emitted  light  [3],  Either  the 
intensity  of  the  free  excitons  relatively  to  the  donor- 
bound  exciton  group  or  the  relative  intensity  of  the 
several  bound  excitons  does  not  significantly  change. 

In  fact,  from  group  theoretic  arguments  and  the  direct 
product  of  the  group  representations  of  the  band 
symmetries  [4]  (F7  for  the  conduction  band,  r9  for  the 
first  valence  band.  A,  T7  for  the  second  and  third 
valence  bands,  B  and  C)  we  obtain  the  following 
intrinsic  excitons  ground  states  symmetries: 

r7xr9~>r5  +  r^, 
r7xr7-»r5  +  ri  +  r2. 

In  ZnO  the  donor  bound  excitons  have  been  attributed 
to  defect-pairs  that  have  the  properties  of  neutral  donors 
[5].  Due  to  the  preferentially  incorporation  of  the  defects 
in  a  certain  crystallographic  orientation  local  strains 
oriented  in  the  direction  of  the  pair  will  result,  and  the 
electric  vector  will  orient  in  the  strain  direction  inducing 
polarization  effects.  Similarly,  free  excitons  would  be 
expected  to  show  polarization  effect  since  T5  and  V\  are 
allowed  transitions  with  Elc  and  £||c,  respectively,  and 
r6  and  r2  are  unallowed.  In  fact,  the  Tf>  and  T?  lines  are 
observed  in  all  polarization  and  this  is  likely  due  to  the 
finite  momentum  of  the  photon. 

Fig.  2  shows  the  random  and  <0001)  aligned  RBS 
spectra  of  the  wurtzite  ZnO  sample.  The  minimum  yield 
(ratio  between  the  random  and  aligned  spectra)  along 
this  direction  is  4%,  which  is  an  indication  of  the 
excellent  crystalline  quality  of  the  single  crystals.  More- 
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Fig.  1.  PL  at  15  K  in  the  0  configuration.  The  assignments  of 
the  lines  are  indicated  by  arrows. 


12 


84 


c n 
c 

o  , 
O4 


ZnO(0  face) 

k ,  o 

V,i 

PHf,  < 000 1>  axis 

W- ‘  t. , 

******* 


Zn 


'M 


Random 


***** 


200 


400  600 

Channel 


800 


Fig.  2.  RBS  spectra  along  the  <0001)  axis  and  in  a  random 
direction.  The  crystals  terminate  on  an  oxygen  plane. 


over  the  smooth  dechanneling  rate  over  all  the  probed 
thickness  (about  3  pm  for  the  3MeV  4He  r )  reveals  a 
nearly  defect  free  crystal  over  the  entire  depth  also 
confirmed  by  the  presence  of  free  excitons. 

At  low  temperature  the  spectrum  is  dominated  by  two 
donor-bound  excitons  at  3.3653  and  3.3622  eV.  As  the 
temperature  rises  above  50  K,  (Figs.  3  and  4),  most  of 
the  donor  lines  disappear  and  above  70  K  only  the  donor 
lines  that  were  located  at  3.3653  and  3.3704 eV  at  15  K 
remain.  The  line  located  at  3.3704 eV  at  15K,  the  A  and 
B  free  excitons  relative  intensities  increase  (Fig.  3).  We 
separate  the  bound  exciton  in  three  groups.  The  low- 
energy  group  is  generally  accepted  to  be  neutral  donor 
bound  excitons,  defect  pairs  or  ordinary  bound  excitons. 
The  second  and  the  third  sets  of  lines  on  the  high-energy 
side  of  the  neutral  donor  bound  excitons  (Fig.  1), 
between  3.3668  and  3.3725  eV,  has  been  attributed 
to  excited  states  of  these  complexes  or  excited  rotator 
states  [5]. 

Several  models  were  proposed  for  the  rotator  states 
[6-9]:  in  a  model  the  hole  is  excited  to  rotate  around  the 
fixed  donor,  in  another  one  the  exciton  rather  than  the 
hole  is  rotating.  Using  the  energy  separation  given  by  [5] 
one  could  identify  some  of  the  lines  between  the  neutral 
donor  bound  excitons  and  the  free  A  excitons  as  rotator 
states  of  the  dominant  neutral  bound  excitons.  But  the 
increase  of  the  relative  intensity  of  the  3.3693  line  with 
temperature  rather  suggest  an  exciton  bound  to  ionized 
defect,  here  a  ionized  donor.  Furthermore  taking  into 
account  the  energy  separation  between  the  A  and  B 
exciton  ~12meV,  we  can  attribute  these  transitions  to 
the  same  neutral  donors  now  bound  to  B  excitons  (Table 
1). 

In  reflectivity  both  the  ground-  and  excited-states  of 
the  A  and  B  free  excitons  are  observed  (Fig.  5).  The 
excited  states  rapidly  became  unresolved  with  increasing 
temperature,  whereas  the  A  and  B  grown-states  remain 
up  to  200  K  and  room  temperature,  respectively.  At  low 
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Fig.  3.  Evolution  of  near  band  PL  as  a  function  of  temperature. 
The  dashed  lines  indicate  the  position  of  the  ionized  donor 
bound  exciton. 


Fig.  4.  Temperature  evolution  of  near  band  edge  transition 
with  temperature.  (•)  data  from  PL,  (V)  data  from  reflectivity. 


temperature  in  the  reflectivity  spectra  a  resonance  is 
visible  near  the  minimum  of  the  B  exciton.  This  is 
attributed  to  a  resonance  with  E\\c,  in  fact  that  the  angle 
of  reflectivity  is  not  exactly  0  and  when  increasing  the 
angle  its  amplitude  increases.  This  feature  rapidly 
became  unresolved  but  can  lead  to  a  wrong  measure¬ 
ment  of  the  oscillation  energy  of  the  B  exciton  at  low 
temperature.  In  Fig.  4  the  open  triangles  are  the 


Table  1 

Energy  of  the  neutral  donor  bound  to  a  A  exciton,  correspond¬ 
ing  rotator  state  and  the  same  neutral  donor  bound  to  a  B 
exciton 


D°X A  (eV) 

Rotator  states  (eV) 

D°X A  (eV) 

3.3592 

3.3693  (r6),  3.3707  (r5) 

3.3622 

3.3741  (r5) 

3.3632 

— 

3.3754 

3.3653 

3.3754 

3.3772 

Energy  (eV) 


Fig.  5.  Reflection  and  emission  spectra  in  the  intrinsic  region, 
at  15  K. 


positions  of  the  A  and  B  excitons  obtain  from  reflectivity 
assuming  the  inflection  point  of  the  resonance  as  the 
energy  of  transition.  For  the  A  transition  there  is  no 
ambiguity,  since  the  splitting  longitudinal-transversal  is 
small  (~  1  meV),  but  this  is  not  the  case  for  the  B  exciton 
(~12meV).  In  fact  looking  at  the  temperature  evolu¬ 
tion,  the  energy  separation  between  the  A  and  B  excitons 
seems  to  decrease,  from  14.9 meV  at  15  K  to  1 1 .5  meV  at 
200  K.  The  energy  separation  between  A  and  B  exciton 
is  due  to  the  spin-orbit  splitting  which  is  not  tempera¬ 
ture  dependent.  The  energy  shift  of  the  lines  is  due  to  the 
gap  shrinkage  effect  in  semiconductors  that  is  caused  by 
the  cumulative  effects  of  thermal  lattice  expansion  and 
electron-phonon  interaction.  The  decrease  of  the  A-B 
splitting  could  have  been  attributed  to  a  variation  of  the 
exciton  binding  energies  but  a  weak  temperature 
dependence  for  the  effective  Rydberg,  R,  is  expected 
due  the  dependence  of  the  exciton  binding  energy  on  the 
reduced  effective  mass  fi  and  the  static  dielectric  constant 
e.  For  II-VI  semiconductors  the  reduction  of  Rccfi/s2 
between  2K  and  room  temperature  is  expected  to  be 
inferior  to  2meV  and  be  similar  for  both  excitons  [10]. 
At  low  temperature  the  binding  energies  obtained  from 
Eq.  (1)  give  59.9  meV  and  57.0  for  the  A  and  B  excitons, 
respectively  indicating  similar  effective  masses  and  in 
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Fig.  6.  Evolution  of  the  energy  position  of  the  A  exciton  as 
function  of  temperature  (•)  data.  (-)  the  fittincs  using  the 
Eqs.  (2)-(4). 


good  agreement  with  the  literature  [4]: 

R  =  |  [£;,-£k].  (1) 


We  performed  numerical  analyses  of  the  energy 
position  of  the  A  exciton  as  function  of  temperature 
using  three  models.  The  Varshni'  formula  has  shown 
limitations  and  various  attempts  have  been  made  to 
improve  the  fitting.  A  modification  of  Varshni’  equation 
[11]  has  been  given  [12]  for  the  band  gap  temperature 
dependence: 


E(T)  =  E{ 0)  - 


E(T)  =  E{ 0)  - 


y.T2 

p+r 

(2) 

■j.T- 

(P+  Tf 

(3) 

In  Ref.  [13]  the  authors  suggest  a  semi-empirical 
expression  equivalent  to  the  Bose-Einstein  model 
proposed  by  Ref.  [14]  that  provides  us  with  good  fitting 
and  an  estimative  of  the  Debye  temperature.  Eq.  (4) 
gives  the  best  fitting  to  the  data  (Fig.  6),  with  a  Debye 
temperature  of  0D  =  3/20  =  305  K.  where  0  is  the 
effective  phonon  temperature.  The  different  values  of  the 


parameters  are  given  in  the  inset: 


E(T)  =  E( 0)  - 


a<9 

exp«9/T)-  f 


4.  Conclusion 


(4) 


Wc  have  shown  the  presence  14  transitions  in  the  near 
band  edge  in  ZnO  at  15  K.  These  transitions  are 
interpreted  as  transitions  of:  free  excitons  from  the  top 
valence  band,  ionized-donor  bound  exciton  and  neutral- 
donor  bound  either  to  the  first  and  second  top  valence 
bands.  We  have  determined  the  temperature  dependence 
of  the  A  exciton  peak  position  in  these  high-quality  ZnO 
crystals  and  obtained  a  value  of  the  Debye  temperature 
in  good  agreement  the  literature.  The  high  quality  of  the 
samples  studied  is  also  demonstrated  by  the  RBS 
measurements. 
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Abstract 

Using  (3-radiation  detected  nuclear  magnetic  resonance  ((3-NMR),  we  investigated  the  microscopic  behavior  of 
implanted  8 Li  in  nominally  undoped  ZnSe  crystals.  From  the  temperature-dependent  amplitudes  of  high-resolution 
NMR  spectra  we  conclude  a  gradual  interstitial-to-substitutional  site  change  between  200  and  350  K.  This  is  in 
accordance  with  earlier  emission  channeling  results.  We  argue  that  this  conversion  proceeds  via  Li+  +  -^Li^  and 

involves  implantation  related  Zn  vacancies.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Vv;  66.30.Jt;  76.60.-k 

Keywords:  ZnSe;  Li;  Acceptor  doping;  Implantation;  J3-NMR 


1.  Introduction 

Li  at  substitutional  Zn  sites  (LiZn)  in  ZnSe  is  a  well- 
behaved  shallow  acceptor  [1]  at  low  dopant  concentra¬ 
tions.  The  maximum  achievable  hole  concentration  is 
limited,  however,  to  2  x  1017  cm-3  [2].  In  order  to 
explore  the  underlying  “self-compensation”  mechanism 
microscopically  we  applied  (3-radiation  detected  nuclear 
magnetic  resonance  ((3-NMR)  on  implanted  8 Li  probe 
nuclei.  One  advantage  of  this  nuclear  technique  is  a 
sensitivity  high  enough  to  work  with  negligible  concen¬ 
trations  of  probe  atoms.  This  way  we  can  “study 
dopants  in  undoped  semiconductors”. 

The  final  goal  of  our  experiments  is  to  see,  whether  Li 
compensation  is  tied  to  a  low  lying  Fermi  level,  or  if 
signs  of  an  inherent  instability  of  LiZn  in  ZnSe  can  be 
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detected  already  in  intrinsic  material.  Here  we  report  our 
first  results  in  nominally  undoped  ZnSe  in  the  limited 
temperature  range  of  150-380  K.  An  extension  of  this 
study  to  higher  temperatures  is  currently  underway.  The 
investigation  of  pre-doped  samples  is  intended  for  the 
future. 

Microscopic  information  on  the  behavior  of  8  Li  in 
ZnSe  is  already  available  from  Hofsass  and  coworkers 
[3,4].  These  authors  employed  the  emission-channeling 
(EC)  technique  [5]  to  investigate  the  lattice  sites  of 
implanted  8 Li  nuclei  in  the  temperature  regime  of 
T  —  150-550  K.  Their  main  results  can  be  summarized 
as  follows:  (i)  For  T<  200  K  Li  is  incorporated 
predominantly  (^60%)  at  tetrahedral  interstitial  sites 
(T  sites),  (ii)  A  site  change  from  interstitial  Lij  to 
substitutional  Lis  occurs  at  T  ^230  K;  the  sublattice  for 
Lis  was  not  determined,  (iii)  The  fraction  of  Li  atoms 
converting  to  substitutional  sites  (S  sites)  is  affected  by 
the  implantation  dose.  The  substitutional  fraction 
increases  if  the  total  fluence  of  8 Li  exceeds  ~5x 
1011  cnU2.  This  suggests  the  involvement  of  implanta¬ 
tion  related  vacancies  in  this  site  change,  (iv)  An 
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unidentified  “random  fraction"  /r^  30%  is  observed  at 
all  temperatures. 


2.  Experimental 

The  general  principles  of  implantation-P-NMR  have 
been  described  at  various  instances  [6].  here  we  applied 
the  special  variant  of  collinear  laser  polarization.  The 
on-line  separator  ISOLDE  at  CERN  provides  a  60-keV 
beam  of  radioactive  KLi  ions  (rp  =  1.21  s,  nuclear  spin 
/  =  2).  The  beam  is  neutralized  in  a  Na  vapor  cell  and 
optically  pumped  by  a  collinear  laser  beam.  The 
resulting  electronic  polarization  is  transferred  in  flight 
to  the  nucleus  before  the  atoms  reach  the  sample,  which 
is  mounted  in  a  transverse  NMR  field  The  implanted 
sLi-probe  nuclei  can  be  depolarized  by  resonant  radio 
frequency  (RF)  irradiation.  The  lifetime-averaged  po¬ 
larization  is  detected  via  the  left/right  asymmetry  of  the 
emitted  (3-radiation.  More  experimental  details  can  be 
found  in  Ref.  [7]. 

For  an  effective  sample  diameter  (beam  spot)  of 
~  4  mm  the  implantation  flux  was  1.7  x  106  cm”2  s”1. 
This  corresponds  to  2.5  x  105  probe  nuclei  simulta¬ 
neously  in  the  sample  or  an  equilibrium  concentration  of 
4  x  1010  cm"3  (the  implantation  profile  simulated  with 
the  Monte-Carlo  code  TRIM  [8,9]  has  a  width  of  about 
500  nm  with  a  broad  maximum  at  a  depth  of 
r/^300  nm).  Up  to  6  x  10in  probe  nuclei  are  implanted 
during  a  whole  run  of  a  few  days  (not  necessarily  in  the 
same  sample).  This  is  still  well  below  those  values  where 
implantation-dose  effects  were  observed  in  the  EC 
experiments  [4]. 

We  used  several  nominally  undoped  bulk  crystals 
(p  >  10s  Hern)  from  commercial  sources.  The  size  was 
typically  10  x  10  x  2  mm3  with  (10  0)  or  (1  1  0)  planes 
as  implantation  surfaces.  All  samples  used  in  this  study 
were  capped  with  a  ~ 25-nm  layer  of  amorphous  SbN.4 
to  prevent  surface  decomposition. 


3.  Measurements  and  results 

A  typical  (3-NMR  spectrum  of  sLi  in  ZnSe,  measured 
at  T  -  172  K,  is  shown  in  Fig.  1.  The  line  is  centered  at 
the  Larmor  frequency,  the  corresponding  Li  atoms 
occupy  lattice  sites  with  full  Tcl  symmetry.  This  finding  is 
consistent  with  the  EC  result  of  Li  at  T  sites  at  This 
temperature.  The  spectrum  was  recorded  under  saturat¬ 
ing  RF  conditions.  The  line  shape  is  a  pure  Lorentzian, 
its  width  is  determined  by  the  applied  RF  power.  About 
80%  of  the  initial  polarization  is  destroyed  in  the 
resonance,  reflecting  the  corresponding  fraction  of  Li  at 
cubic  lattice  sites.  The  difference  to  100%  is  probably 
caused  by  ,sLi  stopped  in  the  amorphous  Si.^N 4  capping 
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Fig.  1.  (3-NMR  spectrum  of  sLi  in  ZnSe.  T  -  172  K.  Bu  - 
3  kG,  <  1  10)  (I  Bf)-  The  resonance  was  recorded  with  a 
saturating  RF  intensity  or  =  1.0  G  and  occurs  at  the 
Larmor  frequency.  The  solid  line  is  a  Lorentzian  fit. 
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Fig.  2.  Larmor  resonances  recorded  at  a  reduced  RF  intensity 
of  =  25  niG,  Blt  =  3  kG,  <  1  1  0>  ||  B„  (a):  T  =  172  K, 
(b):  T  =  223  K.  (c):  T  =  284  K. 


layer:  in  earlier  experiments  with  uncapped  samples  we 
observed  an  almost  complete  depolarization. 

The  saturation  of  this  type  of  resonances  was  almost 
independent  of  temperature  in  the  investigated  range. 
The  situation  changes,  however,  if  the  RF  intensity  is 
reduced.  The  spectra  of  Fig.  2  were  recorded  with 
^1. rot  =  25  mG;  the  corresponding  power  broadening  is 
only  31  Hz  (FWHM),  in  this  case.  The  observed  line 
shapes  are  no  longer  Lorentzians,  now,  but  reflect  an 
inhomogeneous  distribution  of  local  magnetic  fields. 

One  reason  for  this  is  the  random  distribution  of  host 
nuclei  with  non-vanishing  magnetic  moments.  This 
contribution  can  be  estimated  by  the  well-known  Van 
Vleck  formula  [10].  For  our  case  of  <1  10)  j(  Bn,  we 
obtain  second  moments  M2  of  1 19-145  Hz  for  the  8 Li 
resonance,  depending  on  which  of  the  four  cubic  sites  is 
considered.  Assuming  a  Gaussian  line  shape  (admittedly 
questionable  for  a  dilute  spin  system  like  ZnSe)  this 
means  FWHM’s  of  281-343  Hz.  These  numbers 
are  only  estimates  of  the  real  situation,  however,  since 
the  local  lattice  relaxation  around  the  Li  impurity,  the 
influence  of  impurity  induced  electric  field  gradients,  or 
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the  contributions  of  indirect  interactions  (“pseudo 
exchange”)  are  not  known.  For  the  moment  it  may  be 
sufficient  to  say  that  the  experimental  linewidths  of 
Fig.  2  are  of  the  order  of  the  Van  Vleck  estimates. 

The  asymmetric  line  shape  of  all  three  spectra  of 
Fig.  2  is  currently  not  understood.  An  instrumental 
effect  is  unlikely  but  cannot  be  excluded  for  certain.  Our 
following  conclusions  should  not  be  affected  by  this 
question,  however. 

Another  prominent  feature  of  Fig.  2  is  the  reduced 
baseline  polarization  of  the  spectrum  measured  at  T  = 
284  K.  This  is  caused  by  spin-lattice  relaxation  and 
indicates  dynamical  processes  involving  substitutional 
Li.  This  finding  is  rather  surprising  at  such  a  low 
temperature  but  we  have  to  postpone  its  discussion 
to  a  future  publication.  The  baseline  reduction  was 
also  observed  in  a  short  P-NMR  report  on  recoil 
implanted  8 Li  in  ZnSe  by  Miyake  et  al.  [11].  These 
authors  discussed  a  substitutional-to-interstitial  site 
change  around  T  =  300  K.  Our  own  (see  below)  as  well 
as  the  EC  results  [3,4]  clearly  contradict  such  an 
interpretation. 

The  physically  most  important  point  of  Fig.  2  is  the 
temperature  dependence  of  the  signal  intensity.  Ampli¬ 
tudes  and  widths  of  a  series  of  low  RF  resonances  are 
plotted  vs  temperature  in  Fig.  3.  The  amplitudes  have  a 
marked  maximum  at  T»210  K  while  the  variation  of 
the  linewidths  with  temperature  is  less  pronounced. 

The  integrated  area  of  an  inhomogeneous  spectrum 
reflects  in  many  cases  the  number  of  contributing 
entities.  If  we  integrate  the  223-K  spectrum  of  Fig.  2(c), 
however,  and  normalize  it  properly  taking  the  given  RF 
conditions  into  account,  we  obtain  a  corresponding 
probe  fraction  of  several  hundred  percent.  We  also 
know  from  Fig.  1  and  other  saturated  resonances  (not 
shown)  that  the  total  fraction  of  Larmor  resonant  8  Li 
nuclei  is  « 80%  for  all  temperatures  in  the  investigated 
regime,  which  appears  to  contradict  Fig.  2.  The  solution 
of  this  puzzle  is  diffusion.  If  probe  nuclei  move  in  a 
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(a)  Temperature  (K)  (b)  Temperature  (K) 


Fig.  3.  Temperature  dependence  of  (a)  amplitudes  and  (b) 
widths  (FWHM)  of  a  series  of  (3-NMR  resonances.  Measuring 
conditions  like  in  Fig.  2.  The  parameters  were  obtained  by 
Gaussian  fits  to  the  original  spectra. 


spatially  inhomogeneous  environment  they  sense  a 
different  local  field,  hence  a  different  resonance  fre¬ 
quency,  after  each  jump:  physical  diffusion  causes 
“spectral  diffusion”.  An  individual  probe  spin  can  be 
depolarized  at  several  different  frequencies,  therefore. 
The  other  way  around,  we  can  depolarize  more  than  the 
initially  present  number  of  probe  nuclei  by  just 
irradiating  a  fixed  frequency  and  waiting  for  new  spins 
to  become  resonant.  The  physical  consequence  of  this 
somewhat  technical  effect  is  a  correlation  between  signal 
enhancement  and  diffusion.  What  Fig.  3  actually  shows 
us  is  a  peak  of  the  average  probe  mobility  at  around 
210  K. 

In  a  given  configuration,  the  jump  frequency  of  a 
mobile  atomic  species  is  expected  to  increase  exponen¬ 
tially  with  temperature.  We,  in  contrast,  observe  a 
slowly  decreasing  mobility  for  T  >  200  K.  This  is  the 
signature  of  a  gradual  transition  from  a  mobile  to  an 
immobile  configuration,  i.e.,  a  change  from  interstitial  to 
substitutional  lattice  sites.  At  low  temperatures  we  have 
only  diffusing  Lij  but  between  200  and  ~350  K  the  site 
conversion  occurs. 

Qualitatively,  these  results  are  in  perfect  agreement 
with  the  EC  data  of  Refs.  [3,4].  Only  concerning  the  end 
temperature  of  the  conversion  process  we  have  a  minor 
discrepancy.  In  the  EC  experiments  conversion  is 
completed  at  T«275  K  while  in  our  data  the  Li;  survive 
up  to  higher  temperatures.  The  most  probable  explana¬ 
tion  for  this  difference  is  the  lower  implantation  fluence 
in  our  case.  This  means  a  lower  concentration  of 
implantation  related  vacancies,  which  are  obviously 
needed  to  promote  the  site  change. 

The  nature  of  the  S  site,  LiZn  or  Lise,  cannot  be 
read  directly  from  the  p-NMR  spectra.  There  are  strong 
arguments,  however,  in  favor  of  LiZn.  A  hypothetical  Li 
at  a  Se  site  had  to  adopt  a  Lig“  charge  state,  in  order 
to  fill  its  electronic  shell.  Such  an  extreme  assumption 
can  certainly  be  discarded.  In  any  less  negative  state, 
however,  the  defect  had  a  partially  filled  p  shell, 
hence  should  undergo  a  Jahn-Teller  distortion  to 
remove  its  orbital  degeneracy,  and  have  no  longer  Td 
symmetry  [12].  The  narrow  Larmor  resonance  of 
Fig.  2(c)  shows  clearly  that  this  is  not  the  case.  In  the 
same  manner,  we  can  argue  that  LiZn  has  to  be  in  the 
negative  charge  state  as  has  to  be  expected  for  a  shallow 
acceptor. 

Another  reason  to  exclude  the  Lise  hypothesis  is  the 
T->S  conversion  process.  We  have  seen  already,  that 
vacancies  are  involved  in  this  reaction  according  to  Lij  + 
F->Lis.  Lij  should  be  positively  charged  [13]  (from  our 
own  data  Lij”  and  Li,+  were  both  possible,  only  the 
paramagnetic  neutral  state  is  ruled  out).  The  vacancies 
in  ZnSe  are  double  acceptors  (KZn)  or  double  donors 
(Fse)  [12],  in  intrinsic  ZnSe  we  had  and  Ef*. 
Therefore,  simple  Coulomb  repulsion  prevents  a  reac- 
tion  Lit  +  ^Li£. 
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Abstract 

We  have  demonstrated  a  possibility  of  the  growth  of  p-type  ZnO  films  by  a  pulsed  laser  deposition  technique 
combined  with  a  plasma  gas  source.  The  p-type  ZnO  film  has  been  fabricated  by  passing  N20  gas  through  an  ECR  or 
RF  plasma  source.  N20  gas  is  effective  in  preventing  “O”  vacancies  from  occurring  and  introducing  “N”  as  an 
acceptor,  at  the  same  time.  Two-step  growth,  with  a  thin  ZnO  template  layer  formed  at  high  temperature,  is  quite 
effective  to  realize  a  well-crystallized  growth  at  low  temperature.  This  non-equilibrium  film  formation  process  enables 
us  to  produce  other  new  ZnO  films  which  show  ferromagnetic  properties  which  means  that  a  transparent  magnet  is 
realized  with  this  technique.  These  various  types  of  ZnO  films  will  open  the  door  for  practical  applications  in  various 
oxide  electronic  devices.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  72.80.Ey;  73.50.-h;  73.61.Ga;  51.60  +  q 

Keywords:  ZnO;  Laser  MBE;  Thin  films  transistor 


1.  Introduction 

Zinc  oxide  (ZnO)  is  one  of  the  promising  materials 
which  is  well  matched  for  human  being  and  environment 
and  it  is  expected  to  apply  across  various  fields  due  to  its 
potential  applications  [1-7].  The  problem  of  p-type 
doping  of  ZnO  can  arise  for  various  reasons  such  as,  the 
acceptors  level  may  be  sufficiently  deep  such  that  there 
are  low  thermal  excitations  in  the  valence  band,  low 
solubility  of  the  dopant  or  inducing  self-compensating 
processes  on  doping.  Recently,  a  theoretical  idea  has 
been  proposed,  the  so-called  codoping  approach  (simul¬ 
taneous  doping  of  donor  and  acceptor),  to  realize  the  p- 
type  electrical  conduction  in  ZnO.  In  our  experiments, 
the  non-equilibrium  process  is  essential.  To  do  that,  we 
have  produced  the  ZnO  films  under  the  condition  of 
excited  N  and  O  atmosphere.  The  active  N  is  formed  by 
passing  N20  gas  through  an  RF  plasma  source. 
Furthermore,  the  two-step  growth,  with  a  thin  ZnO 
template  layer  formed  at  high  temperature,  is  quite 
effective  to  realize  a  well-crystallized  growth  at  low 
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temperature.  By  this  technique,  transition  metals  such  as 
Co  and  V  have  been  substituted  into  the  ZnO  films  by 
more  than  15%.  Eventually,  ferromagnetic  properties 
can  be  observed  at  room  temperature  in  these  highly 
doped  ZnO  films.  The  above-observed  new  type  of  ZnO 
films  will  open  the  door  for  practical  applications  in 
various  oxide  electronic  devices. 


1.1.  Non-equilibrium  process 

The  naturally  occurring  ZnO  has  an  n-type  conduc¬ 
tivity  which  can  be  enhanced  by  doping  with  Al,  Ga,  etc. 
The  problem  of  p-type  doping  in  ZnO  can  arise  for 
various  reasons  such  as,  the  location  of  the  acceptor 
level  may  be  sufficiently  deep  such  that  there  is  low 
thermal  excitations  in  the  valence  band,  low  solubility  of 
the  dopant  or  inducing  self-compensating  processes  on 
doping.  Recently,  Yamamoto  and  Katayama-Yoshida 
[8]  have  proposed  that  by  adopting  a  codoping  approach 
(simultaneous  doping  of  donor  and  acceptor)  one  can 
realize  the  p-type  electrical  conduction  in  ZnO.  The 
proposed  choice  of  donors  are  Al,  Ga  or  In  with  N  as 
the  acceptor.  We  tried  to  adopt  this  method  for 
obtaining  p-type  ZnO.  Thermodynamically,  Ga203 
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Fig.  1.  Energy  diagram  for  Ga:<X  GaN  and  N  Ga-N. 


and  GaN  are  stable  phases.  To  introduce  N  and  Ga  at 
the  same  time  in  the  ZnO  lattice,  N-Ga-N  binding  state 
must  be  frizzed.  Therefore,  the  non-equilibrium  process 
is  an  essential  approach  (Fig.  1). 


2.  Experimental 

The  ZnO  films  are  formed  by  a  pulsed  laser  deposition 
technique.  The  details  of  the  experimental  facility  are 
reported  elsewhere  [9,10].  The  films  are  produced 
in  a  vacuum  chamber  having  a  base  pressure  of 
1  x  10  Kmbar.  An  ArF  excimer  laser  is  operated  at 
1  Hz  at  a  fluence  of  about  0.5  J/cnr  and  the  typical 
deposition  rate  is  about  lOA/min.  During  the  deposi¬ 
tion.  the  substrates  (ZnO  single  crystals  and  sapphire 
single  crystals)  are  kept  at  280^100'C  and  the  required 
N  atmosphere  is  maintained  by  passing  N20  with  or 
without  plasma  source. 

The  crystal  orientation  is  examined  by  X-ray  diffrac¬ 
tion  (XRD)  and  pole  figure  measurements,  using  Cu  K7 
radiation  (Rigaku).  The  electrical  resistivity,  carrier 
concentration  and  mobility  are  measured  using  a  four- 
point  probe  van  der  Pauw  method.  The  optical 
transmission  through  the  film  is  measured  using  a 
Vis-UV  spectrometer.  The  major  conduction  type  (either 
p-  or  n-type)  is  confirmed  by  the  measurement  of  Hall. 
Seebeck  coefficients  as  well  as  by  electrochemical 
measurements.  X-ray  photoelectron  spectroscopic  (XPS) 
measurements  are  carried  out  by  using  a  VG  Scientific 
ESCALAB  220I-XL  spectrometer  with  monochroma- 
tized  Al  K7  radiation  source. 


3.  Results  and  discussion 

3.1 .  Electrical  properties 

3.1.1.  Conducting  properties 

Initially,  experiments  were  conducted  on  pure  (un¬ 
doped)  ZnO  with  N20  gas,  with  and  without  the  use  of 
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Fig.  2.  Temperature  versus  conductivities  of  p-  and  n-type  ZnO 
films. 


plasma  source.  When  the  plasma  source  is  off  (i.e.  N->0 
is  introduced  into  the  vacuum  chamber  without  any  pre¬ 
ionization),  at  a  pressure  of  1  x  10  "3mbar,  the  obtained 
film  showed  a  low  resistance  of  4x  10  2  Q  cm  and  is 
clear  n-type  with  properties  close  to  that  of  a  natural  n- 
type  ZnO  thin  film.  On  increasing  the  pressure  to 
3  mbar,  the  resistivity  of  the  film  increased  to 
1  x  103Qcm  (carrier  concentration  is  2  x  I014cm“3). 
Both  Hall  and  Seebeck  coefficient  measurements  did  not 
clearly  indicate  the  type  of  carrier— the  Hall  measure¬ 
ments  sometimes  showed  p-type  with  very  low  signal-to- 
noise  ratio,  while  the  Seebeck  voltage  was  almost  zero. 
But  with  plasma  source  on,  at  a  pressure  of 
1  x  10  3  mbar,  the  maximum  operating  pressure  with 
our  plasma  source,  the  resistivity  increased  to 
1  x  105Dcm  with  a  corresponding  carrier  concentration 
of  2  x  10,ocm  3  and  showed  a  clear  p-type  behavior  by 
both  Hall  and  Seebeck  measurements. 

Fig.  2  shows  the  temperature-dependent  electrical 
conductivity  for  lowest  resistance  p-type  and  n-type 
films  obtained  by  the  codoping  method.  The  p-type  film 
shows  a  typical  semiconductor  behavior  with  an 
estimated  activation  energy  of  %13meV  in  the  high 
temperature  region,  whereas,  the  n-type  sample  shows  a 
degenerate  semiconductor  behavior.  This  type  of  me¬ 
tallic-like  n-type  transparent  conducting  oxide  can 
substitute  the  expansive  commercially  used  indium-tin- 
oxide  (ITO)  films  in  various  applications. 

3.1.2.  Chemical  bonding  state  [7] 

Figs.  3(a)  and  (b)  show  the  XPS  results  with  and 
without  Ga  in  the  ZnO  films  which  are  formed  in  the 
N20  atmosphere  through  plasma  source.  Without  Ga, 
the  Nls  peak  occurs  close  to  the  position  which  is 
observed  with  neutral  N  (406  eV,  Fig.  3(b)).  In  the  Ga- 
doped  case,  on  the  other  hand,  the  Nls  peak  is  located  at 
around  396-398  eV,  which  corresponds  to  the  Ga-N 
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Fig.  3.  XPS  Nls  spectrum  of  ZnO  films  formed  with  and 
without  Ga  dopant. 


type  of  bonding  [11].  Furthermore,  the  Nls  peak  is  a 
build-up  peak  (Fig.  4).  One  is  well  matched  for  the  N 
peak  of  GaN  (N  is  nearest  neighbor)  and  the  other  for 
second  nearest  neighbor  Ga-N.  It  is  quite  evident  that 
an  N-Ga-N  bond  occurs  in  the  ZnO  films. 

From  these  observed  peak  areas  and  the  correspond¬ 
ing  sensitivity  factors,  the  approximate  relative  intensity 
ratio  of  Ga :  N  is  obtained  as  1 :  6.  It  is  reported  [12]  that 
such  a  relative  intensity  ratio,  by  XPS,  for  GaN  film 
(lGa:lN)  is  about  1:3.2.  This  suggests  that  in  the 
codoped  film,  the  N :  Ga  ratio  is  2 : 1 .  This  is  one  of  the 
basic  requirements  for  observing  p-type  activity  in  ZnO 
by  the  codoping  process  as  predicted  by  theoretical 
calculations. 


to  doping  processes)  can  act  as  scattering  centers  for  the 
carriers,  resulting  in  low  mobility  for  most  of  the  films. 
Also,  the  mobility  obtained  for  the  codoped  p-type  films 
are  much  lower  than  those  obtained  for  the  n-type  films. 
However,  the  mobility  of  the  p-type  films  on  the 
sapphire  substrate  is  higher  than  that  of  the  p-type 
films  on  glass;  this  may  be  attributed  to  the  difference  in 
grain  size — on  sapphire  the  average  size  is  «500nm, 
whereas  on  glass  it  is  « lOOnm,  as  measured  by  atomic 
force  microscopy. 


3.1.3.  Structural  characterization 

Fig.  4(a)  shows  a  typical  X-ray  diffraction  pattern 
obtained  for  an  N-Ga  codoped  ZnO  film  on  sapphire 
(1120)  substrate  at  400°C.  N  doping  is  carried  out 
under  N20  at  a  pressure  of  1  x  10~3  mbar  with  ECR  and 
using  the  target  containing  Ga  of  0.1  wt%.  Sapphire 
with  its  plane  of  orientation  is  expected  to  give  minimum 
lattice  mismatch  for  the  ZnO.  We  could  obtain  epitaxial 
growth  as  confirmed  by  the  #  scan  for  the  (1  0  1)  planes 
of  ZnO  film  as  shown  in  Fig.  4(b).  The  <P  scan  obtained 
for  the  (104)  planes  of  the  substrate  is  also  shown  in 
Fig.  4(c). 

As  indicated  above,  the  presence  of  a  well-defined 
columnar  structure  and  a  possible  defect  structure  (due 


3.2.  Optical  properties 

3.2.1.  Two-step  growth  [13] 

3. 2. 1.1.  Effect  of  the  high  temperature  buffer  layer. 
From  the  thermodynamic  point  of  view,  Ga203  is  the 
most  stable  phase  when  we  mix  “O”,  “N”  and  “Ga”  at 
the  same  time.  The  second  stable  phase  is  GaN.  If  we 
want  to  obtain  the  N-Ga-N  complex,  low  temperature 
formation  is  very  important.  But  the  ZnO  film,  formed 
at  a  low  temperature  of  400°C,  for  example,  shows  a 
weak  free  exciton  peak  and  strong  one  of  deficiency  in 
the  PL  spectrum.  Of  course,  if  it  is  formed  at  high 
temperatures  above  600°C,  a  clear  free  exciton  peak 
[14-16]  is  observed  at  3.3  eV  and  the  O-vacancy  peak 
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Fig.  5.  PL  spectrum  measured  at  RT  of  ZnO  film  formed  at 
300  C. 


(around  2.2-2.4eV)  decreases  dramatically.  There  is  a 
dilemma.  The  higher  temperature  formation  is  better  for 
the  crystal  growth.  The  low  temperature,  on  the  other 
hand,  is  better  for  non-equilibrium  growth.  The  cross 
point  is  located  at  around  550-600X.  But  here,  we  have 
the  proposed  tricky  idea:  two-step  growth.  At  first,  the 
thin  ZnO  film  (5-10  nm)  is  deposited  at  high  tempera¬ 
tures  of  around  600-700  C.  Then,  the  second  ZnO  layer 
( >  200  nm)  is  successively  formed  at  a  low  temperature 
(<400  C)  on  the  first  template  layer.  This  two-step 
growth,  with  a  high  temperature  template  layer,  is  quite 
effective  in  improving  the  crystallinity  of  the  film  at  a 
low  substrate  temperature  as  low  as  300  C.  The  PL 
spectrum  changes  dramatically  as  shown  in  Fig.  5.  It 
shows  quality  similar  to  that  formed  at  high  tempera¬ 
tures  of  600-700  C. 


3.2.2.  Optical  behavior 

Fig.  6  shows  a  typical  visible-UV  transmission  spectra 
obtained  for  films  having  5  wt%  Ga  in  ZnO.  codoped 
with  N  from  N20  (p-type,  S.No.  1 1  of  table  III)  and  N: 
with  plasma  at  a  pressure  of  1  x  10  3mbar.  The 
transmittance  in  the  visible  region  is  about  90%  and 
this  value  is  almost  the  same  as  that  reported  for  the 
only  Ga  doped  n-type  ZnO  and  higher  than  the  recently 
reported  [17]  p-type  CuAKX  The  slight  absorption  at 
550-600  nm  could  be  due  to  an  interference  efTect. 
In  Fig.  6,  the  blue  shift  of  the  absorption  edge  for  the 
n-type  film  is  due  to  high  carrier  concentration  in 
accordance  with  the  Burstein-Moss  shift. 


3.2.3.  Electro-luminescence  [18] 

The  electrical  and  photoluminescence  properties  of 
the  p(or  I)-ZnO  layer  produced  on  the  ZnO  single 
crystal  seems  to  provide  another  possibility  to  explain 
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Fig.  6.  Optical  transmission  spectra  for:  (a)  5  wt%  of  Ga 
codopcd  in  ZnO  under  N:0  atmosphere  {p-type}:  (b)  5\vt%  of 
Ga  codoped  in  ZnO  under  N2. 


the  light-emitting  mechanism  with  the  structure  of 
metal/insulator/semiconductor  (MIS)  LEDs. 

Fig.  7(a)  shows  the  EL  spectra  of  the  ZnO  homo- 
structural  LED  operating  under  a  forward  bias  voltage 
with  injection  currents  of  40,  80  and  120  mA,  respec¬ 
tively,  at  room  temperature.  For  comparison  and 
emission  analysis,  the  photoluminescence  (PL)  spectra 
excited  from  the  surface  of  a  p(or  I)-ZnO  layer  grown 
on  an  AUOy  (1120)  substrate  and  an  n-ZnO 
wafer  irradiated  by  a  325  nm  Fle-Cd  laser  at  77  K 
and  room  temperature  (RT)  are  shown  in  Figs.  3(b) 
and  (c).  The  current  injection  emission  was  generated 
when  a  forward  biasing  voltage  of  around  5-1 0  V  was 
applied  to  the  ZnO  LED  at  room  temperature.  The  light 
emission  increases  in  the  region  of  300-900  nm  when  the 
injection  current  is  increased  from  40  mA  to  80  and 
120  mA. 

Compared  with  those  of  the  PL  spectra  in  Figs.  7(b) 
and  (c),  there  are  abrupt  emission  increases  in  the 
region  of  600-800  nm  with  the  increase  of  injection 
current.  A  broad  emission  in  the  region  of  370-380  nm  is 
also  slightly  excited  in  the  EL  spectra,  which  corre¬ 
sponds  to  the  free-exciton  band.  These  broad  PL 
peaks  were  repeatedly  observed  in  the  single  nitrogen 
doped  ZnO  film.  Since  the  isolated  nitrogen  dopant  is 
unstable  in  the  ZnO  film,  the  oxygen  vacancy  is 
generated  to  reduce  the  film  energy.  In  the  cases  of 
undoped  ZnO  and  codoped  ZnO  [7],  they  show  a  clear 
and  sharp  free-exciton  peak  at  around  380  nm.  Similar 
broad  and  weak  emissions  are  also  observed  in  the  PL 
spectra  of  Figs.  7(b)  and  (c),  and  occur  due  to  defects 
such  as  oxygen  vacancies  and  imperfection  of  crystal¬ 
linity  due  to  the  low  temperature  formation  (<390'C) 
[19].  The  broad  EL  band  emission  in  the  region  of 
400-1 000  nm  is  most  likely  due  to  defect  states  in  the 
LED  structure. 
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Fig.  7.  (a)  EL  spectra  of  a  ZnO  homostructural  LED  operated 
at  5-1 OV  with  injection  currents  of  and  40,  80,  120  mA, 
respectively,  at  room  temperature,  (b)  PL  spectra  of  an  n-ZnO 
single  crystal  wafer  excited  at  77  K  and  RT,  and  (c)  PL  spectra 
of  a  Zn0/Al203  film  excited  at  77  K  and  RT. 


3.3.  Magnetic  properties 

3.3.1.  Cobalt  (Co)  doped-ZnO  [20] 

3d-transition  metal  doped  ZnO  films  (n-type 
Znj_.vM.vO  (x  =  0.05  -  0.25):  M  =  Co,  Mn,  Cr,  Ni)  are 
formed  on  sapphire  substrates  using  a  PLD  technique, 
and  their  magnetic  and  electric  properties  have  been 
examined.  The  Co-doped  ZnO  films  showed  the  max¬ 
imum  solubility  limit.  Some  of  the  Co-doped  ZnO  films 
exhibit  ferromagnetic  behaviors  with  the  Curie  tempera¬ 
ture  higher  than  room  temperature.  The  magnetic 


Fig.  8.  Magnetization  versus  temperature  curves  measured  in 
the  field  of  0.1  T.  Znj_A.Co.vO  films  0  =  0.05  (A),  0.15  (♦), 
0.25  (•)). 

properties  of  Co-doped  ZnO  films  depend  on  the 
concentration  of  Co  ions  and  carriers. 

The  temperature  dependence  of  magnetization  for  the 
Zn j  _vCovO  films  (x  =  0.05  -  0.25)  is  shown  in  Fig.  8. 
A  magnetic  field  of  0.1  T  was  applied  parallel  to  the 
surface  of  the  substrate.  In  the  case  of  the  Zno.95Coo.05O 
and  Zno  75C00.25O  samples,  the  abrupt  increase  of 
magnetization,  which  corresponds  to  the  Tc,  appeared 
at  280  K.  The  M-H  curve  (field  dependence  of 
magnetization)  of  Zn0.95Co0.05O  films  measured  at  6K 
showed  a  hysteresis  shape  with  the  coercive  field  (He)  of 
50  Oe.  The  saturation  magnetization  (Ms)  of  the  film  is 
estimated  to  be  1.8  pe/Co-site  from  the  M—H  curve. 
These  M-T  and  M-H  curves  indicate  that  these  films 
showed  ferromagnetic  features.  The  Zno.85Coo.15O  film 
also  showed  ferromagnetic  behaviors.  The  Tc  appeared 
at  around  300  K,  which  is  20  K  higher  than  that  of 
Zno.95Coo.05O  film  and  the  Ms  is  estimated  to  be  2  pB/ 
Co-site  from  the  M-H  curve,  which  is  0.2  pB  higher 
than  that  of  the  Zno.95Coo.05O  film.  (Fig.  8). 

In  the  Zni_A-CovO,  only  a  few  films  showed  ferro¬ 
magnetic  features,  while  the  others  showed  spin  glass¬ 
like  behaviors.  The  reproducibility  of  the  method  was 
poor  (less  than  10%).  We  should  adjust  the  conditions 
to  make  ferromagnetic  films  with  high  reproducibility  in 
the  near  future. 

We  also  produced  Cr-,  Ni-,  or  Mn-doped  ZnO  films 
and  performed  magnetic  measurements.  These  films  did 
not  show  ferromagnetic  behaviors.  However,  we  need  to 
perform  further  experiments  to  determine  their  magnetic 
and  electric  properties. 

3.3.2.  Vanadium  (V) -doped  ZnO 

Vanadium-doped  ZnO  films  (n-type  Zni_AVY0 
(jc  =  0.05-0.15))  were  formed  on  sapphire  substrates 
using  a  pulsed  laser  deposition  (PLD)  technique,  and 
their  magnetic  and  electric  properties  were  examined. 
Some  of  the  V-doped  ZnO  films  exhibited  ferromagnetic 
behavior  with  a  Curie  temperature  higher  than  350  K. 
The  magnetic  properties  of  V-doped  ZnO  films  were 
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Fig.  9.  Hysteresis  curves  measured  at  300  K  of  Zn0.K.sV0  1 50 
films  (conductive  sample  (•),  insulative  sample  (A)). 

found  to  depend  on  the  concentration  of  V  ions  and 
carriers.  The  results  of  optical  transmission  spectra 
indicated  that  they  are  transparent  ferromagnets  at 
room  temperature.  The  M-H  curve  (field  dependence  of 
magnetization)  of  Zn0  S5V0  ,  sO  films  measured  at  300  K 
showed  a  hysteresis  loop  with  the  coercive  field  (Hc)  of 
200  Oe  (Fig.  9(a)).  The  saturation  magnetization  (Ms)  of 
the  film  is  estimated  to  be  0.5  pB/V-site  from  the  M-H 
curve  at  300  K.  These  M—T  and  M—H  curves  indicate 
that  the  films  showed  ferromagnetic  features.  The  V 
concentration  dependence  of  the  M-H  curve  also 
showed  a  hysteresis  shape.  The  Zn0  90V()  ,0O  and 
Zn0.95V0.05O  films  also  showed  ferromagnetic  behaviors. 
The  Ms  value  of  each  film  depends  on  the  vanadium 
concentration  from  5%  to  15%.  This  indicates  that 
ferromagnetism  is  more  stable  as  the  concentration  of 
vanadium  increases. 

3.4.  Conclusions 

In  summary,  high  resistivity  p-type  ZnO  thin  films 
have  been  obtained  by  doping  with  active  N  alone.  This 
p-type  conductivity  is  very  much  enhanced  in  terms  of 
conductivity  and  carrier  concentration  by  adopting  a 
codoping  method,  using  N  as  acceptor  and  Ga  as  donor 
dopants.  The  N  doping  is  effective  only  with  N->0 
through  an  RF  plasma  source,  but  not  with  N2  gas,  and 
ZnO-based  LED  is  also  fabricated.  EL  property  is 
observed.  Furthermore,  a  room  temperature  ferromag- 
net  has  been  developed  for  the  first  time  in  the  ZnO 
films.  To  realize  the  local  minimum  phases,  a  non¬ 
equilibrium  process  is  essential.  Low  temperature 
growth  is  one  of  the  key  techniques.  The  two-step 
growth,  using  a  high  temperature  buffer  layer,  is  a 


powerful  technique  to  obtain  the  well-crystallized  ZnO 
films  at  a  low  temperature. 
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Abstract 

We  present  first-principles  total-energy  calculations  that  provide  energetics,  charge  states  and  electronic  structures  for 
various  bond  configurations  around  N  in  Si02  with  and  without  hydrogen.  It  is  found  that  the  carrier  traps  are 
effectively  removed  near  the  energy  gap  upon  coexistence  of  H  and  N.  Effects  of  spin  polarization  around  the  defects  are 
clarified.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  61.72.Gi;  61.72.Bb;  71.55.Ht;  85.40.-e 

Keywords:  Density  functional  theory;  Si02;  Carrier  trap;  Nitridation 


1.  Introduction 

Leakage  current  across  the  ultrathin  gate  dielectrics  is 
one  of  the  major  problems  in  miniaturization  of  metal- 
oxide-semiconductor  devices.  Generation  of  carrier 
traps  is  considered  to  be  a  principal  cause  for  the 
leakage  current  in  oxide  films  [1,2].  In  the  conventional 
oxides,  O  vacancies  [3,4]  and  H  bridges  at  the  O 
vacancies  [5]  are  proposed  to  be  such  carrier  trap 
centers.  The  Si  oxide  films  with  N  incorporation  are  now 
believed  to  be  a  candidate  to  replace  the  conventional  Si 
oxides  because  they  show  better  performances  than  the 
conventional  oxides  [6-13].  It  is  thus  important  to 
identify  the  carrier  traps  and  their  variances  upon  N 
incorporation  in  the  Si  oxynitride  films. 

We  here  explore  a  variety  of  bond  configurations 
around  N  in  Si02  using  a  first-principle  total-energy 
method.  We  map  out  the  energetics,  charge  states  and 
electronic  structures  for  the  total-energy-optimized 
atomic  configurations.  We  have  found  that  N  incor- 
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poration  does  not  guarantee  the  improvement  in 
electrical  reliabilities  of  the  Si  oxynitride  films,  but  that 
the  coexistence  of  N  and  H  is  crucial  for  better  electrical 
properties. 

The  density-functional  theory  (DFT)  is  used  within 
the  generalized -gradient  approximation  (GGA)  [14]. 
The  inclusion  of  spin  degree  of  freedom  is  important 
in  the  structures  without  H.  The  nuclear  potentials  are 
simulated  by  ultrasoft  pseudopotentials  for  O  and  N  [15] 
and  norm-conserving  pseudopotentials  for  Si  and  H 
[16].  The  cutoff  energy  of  the  plane- wave  basis  is  25  Ry. 
The  super  cell  with  54  atomic  sites  possesses  a  triclinic 
symmetry  and  a  special  k  point  is  used  for  integration  in 
the  Brillouin  zone  [4].  Geometries  are  optimized  for  all 
atoms  until  the  remaining  force  on  each  atom  is  less  than 
5  mRy/A. 


2.  Atomic  structures 

The  bond  configurations  around  the  N  atom  in  Si02 
are  not  well  identified.  We  thus  consider  possible  atomic 
configurations  containing  N  atoms  in  the  network  of  a- 
quartz  (Fig.  1);  In  the  S2  structure,  an  N  atom 
substitutes  for  an  O  atom  and  then  is  bonded  to  two 
Si  atoms  (twofold  N);  in  the  S3  structure,  the  central  Si 
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Fig.  1.  Structural  models  for  N  incorporation  in  a-quartz:  (a) 
S2.  (b)  S3,  (c)  V2,  (d)  V3,  (e)  S20.  and  (0  a-quartz  as  a  reference. 
Lightly  grayed,  darkly  grayed,  and  black  balls  indicate  Si.  O, 
and  N  atoms,  respectively.  The  arrow  heads  in  panels  (a)-(e) 
indicate  the  atoms  that  are  bonded  to  an  H  atom  in  the 
corresponding  H-terminated  structures,  labeled  as  S2n,  S.w, 
V2H .  V3H,  and  S:oH.  respectively. 


moves  leftward  to  form  a  threefold  N  atom,  sacrificing 
the  bond  with  its  right  O  atom;  the  V2  structure  is  the 
same  as  the  S2  structure  except  for  the  Si-Si  dimer 
formation  due  to  an  O  vacancy;  in  the  V3  structure,  the 
threefold  N  is  formed,  by  breaking  the  Si-Si  dimer  bond 
of  the  V2  structure;  in  the  S20  structure,  an  O  atom  is 
added  to  the  S2  structure  and  an  N-O  bond  is  formed. 

We  then  investigate  the  stability  of  the  N-incorpo- 
rated  structures  with  respect  to  the  Si02  matrix.  We 
consider  the  reaction.  NO  +  X  r02  +  Y,  where  X 
represents  Si02  (perfect  a-quartz  crystal)  or  V0  (the  a- 
quartz  with  an  O  vacancy).  Y  represents  S2,  S3,  or  S20 
when  X  =  Si02,  and  V2  or  V3  when  X  =  Va.  The 
coefficient  r  is  1,  except  for  r  =  \  when  Y  =  S2o.  We 
choose  the  NO  molecule  since  it  is  now  widely  used  in 
oxynitridation  of  Si  or  is  produced  by  dissociation  of 
N20  that  is  also  another  widely  used  reaction  gas  [17]. 
All  the  reactions  are  endothermic  with  reaction  energies 
of  3.3,  4.4,  3.2,  2.8,  and  2.1  eV  for  Y  =  S2,  S3,  V2,  V3, 
and  S2G,2  respectively,  assuming  both  the  reactant  (NO) 
and  product  (02)  gas  molecules  stay  in  the  oxide  film. 
The  calculated  reaction  energies  are  consistent  with  most 


“In  evaluating  the  reaction  energies  for  the  structures,  wc 
consider  their  stablest  charge  states  when  the  Fermi  energy  is  at 
the  Si  midgap  (/1  =  0  in  Fig.  2). 


experiments  reporting  only  a  few  atomic  percent  of  N 
concentration  in  Si  oxynitrides.  After  the  reactions, 
relative  stability  of  the  five  structures  is  assessed  by 
comparing  the  formation  energies  as  a  function  of  the 
oxygen  chemical  potential  ftQ.  For  a  wide  range  of 
physically  relevant  /tf),  the  formation  energy  of  S2o  is 
higher  than  those  of  the  other  four  structures  by  more 
than  3  eV. 

Chemically  active  dangling  bonds  (DBs)  are  likely  in 
the  five  structures  (arrow  heads  in  Fig.  1).  Hence,  we 
further  consider  the  H-terminated  counterparts  of  the 
five  structures,  labeled  as  S2n,  S3u,  V2h,  V3H,  and 
S2oh,  respectively.  The  H  termination  would  take  place 
readily,  since  H  is  ubiquitous  and  diffuses  very  fast  in  Si02 
with  a  barrier  of  0.22  eV  [18].  In  this  way,  the  present 
models  include  local  arrangements  experimentally  ob¬ 
served:  The  most  dominant  N  =  Si  3  species  (in 
S3,  V3,  S3]  1,  and  V311)  and  the  minor  species  such  as  N  = 
Si2  (in  S2  and  V2)  [9,11,12],  O-N  =  Si2  (in  S:o)  [9-11], 
H-N  =  Si2  (in  S2n  and  V2n)  [13],  and  HO-N  =  Si2  (in 
S2011)* 


3.  Thermodynamic  levels 

The  stability  among  different  charge  states  in  their 
equilibria  is  obtained  by  comparing  =  E(Q)  + 

Qn,  where  E(Q)  is  the  total  energy  of  the  charge  state  Q , 
and  //  is  the  electron  chemical  potential,  i.e.,  the  Fermi 
level  in  the  energy  gap.  Figs.  2(a)  and  (b)  show  Q(Q,y) 
for  the  N-incorporated  structures  as  a  function  of  //  for 
the  doubly  positive  (++;£?  =  2),  positive  (  +  ;  Q  -  1), 
neutral  (0;  Q  =  0),  and  negative  (-;  Q=  -I)  charge 
states.  The  /<  value,  plh(Q/Q+  1),  at  which  Q(Q^i)  = 
&(Q  +  1,//),  determines  the  relative  stability  of  the  Q 
and  (Q  +  1)  charge  states.  The  ftlh  values  are  also  called 
thermodynamic  levels  [5].  The  thermodynamic  levels  in 
Fig.  2  are  aligned  with  respect  to  band  edges,  by 
matching  the  theoretical  and  experimental  thermody¬ 
namic  level  related  to  the  interstitial  H  in  Si02,  located 
at  0.2  eV  above  the  Si  midgap  (the  energy  reference 
hereafter),  and  by  using  the  valence-band  offset  of 
4.3  eV  between  Si02  and  Si  (refer  to  Ref.  [5]  for  details). 

The  thermodynamic  level  defined  above  is  not  a 
single-electron  level  obtained  by  the  Kohn-Sham 
equation.  The  Kohn-Sham  (KS)  level  near  ^th,  however, 
provides  chemical  understanding  of  changes  in  charge 
states  since  the  charge-state  changes  are  processes  of 
carrier  capture  or  emission  through  some  electron  state 
in  the  gap. 

We  begin  with  the  V2  structure  since  an  O  vacancy  is 
proposed  to  be  responsible  for  the  leakage  current  in 
Si02.  The  KS  levels  are  originated  from  the  lone-pair¬ 
like  (LPL)  and  dangling-bond-like  (DBL)  states  of  N 
and  from  the  Si-Si  dimer  bond.  The  LPL  state  of  N  with 
the  minority  spin,  located  at  -2.4  eV,  can  capture  an 
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Fig.  2.  Relative  formation  energies  Q(Q,g)  of  the  N-incorpo- 
rated  structures  as  a  function  of  the  electron  chemical  potential 
fi  in  the  energy  gap  of  a-quartz:  The  energies  for  the  doubly 
positive  (++),  positive  (  +  ),  neutral  (0),  and  negative  (-) 
charge  states  are  shown.  Both  ends  of  g  in  each  panel  are  the 
experimental  valence  band  maximum  (VBM)  and  conduction 
band  minimum  (CBM)  of  a-quartz  (£vSl°-  and  £fl°2),  respec¬ 
tively.  The  VBM  and  CBM  of  bulk  Si  (£®  and  £csi)  are 
represented  by  vertical  lines.  The  density-functional  VBM  and 
CBM  of  a-quartz  are  shown  as  a  reference  by  vertical  dotted 
lines  near  both  ends  of  fi. 


electron  under  electron  injection  since  it  is  empty  in  the 
neutral  state.  The  filled  DBL  state  of  N  with  the 
minority  spin,  located  at  —3.1  eV,  can  release  an 
electron  and  then  plays  the  role  of  a  hole  trap.  The 
Si-Si  dimer  states  of  both  spins  are  below  the  above  two 
states.  For  the  doubly  positive  charge  state,  the  V2 
structure  transforms  to  the  V3  structure  with  breaking  of 
the  Si-Si  bond.  This  bistability  is  also  observed  for  an  O 
vacancy  in  SiO?  [3,4]. 

The  V3  structure  has  different  features  in  the  KS  levels 
from  the  V2  structure.  Instead  of  disappearance  of  the 
DB  states  of  the  N  atom,  the  DB  states  of  the  right  Si 
atom  emerge  at  -1.7  eV  for  the  majority  spin  and  at 
0.7  eV  for  the  minority  spin.  The  LP  states  of  the  N 
atom  still  remain  in  the  Si02  energy  gap.  Thus  the  DB  of 
the  right  Si  atom  can  capture  both  an  electron  and  a 
hole,  depending  on  the  position  of  the  Fermi  energy. 
The  positively  charged  structure,  in  this  case,  is  spin- 
unpolarized  unlike  the  V2  and  S2  structures. 

Table  1  shows  the  charge-state  dependent  spin 
magnitude  S  for  each  geometry.  The  spin  magnitude 
varies  depending  on  the  number  of  electrons  accom¬ 
modated  in  the  corresponding  electron  states.  It  is 
noteworthy  that  high  spin  states  (5  =  1)  are  realized 


Table  1 


Calculated  spin  magnitudes  S  for  possible  charge  states  Q  (see 
also  Fig.  2)  of  each  N-incorporated  geometry.  The  calculated 
total-energy  gain  A E  due  to  the  spin  polarization  is  also  shown 


Geometry 

Q 

s 

A E  (eV) 

s2 

+ 

1 

0.8 

0 

1/2 

0.4 

— 

0 

s3 

+ 

1 

0.5 

0 

1/2 

0.4 

— 

0 

v2 

+ 

1 

0.6 

0 

1/2 

0.4 

— 

0 

V3 

+  + 

1/2 

0.2 

+ 

0 

0 

1/2 

0.6 

— 

0 

around  defects  in  Si02  where  non-magnetic  elements 
alone  exist.  The  total  energy  gain  A E  upon  the  spin 
polarization  is  also  shown  in  Table  1  for  each  charge 
state.  The  energy  gain  is  about  a  half  eV.  It  is  thus 
expected  that  the  experiments  such  as  EPR  are  capable 
of  observing  the  high  spin  states  in  SiO?. 


4.  Coexistence  of  N  and  H 

Figs.  2(a)  and  (b)  clearly  show  that  the  N-incorpo¬ 
rated  structures  induce  the  gap  states  that  play  roles  of 
charge  traps.  The  occupancy  of  the  charge  trap  states  is 
sensitive  to  the  position  of  the  Fermi  energy  that 
changes  according  to  the  external  bias  voltage  across 
the  oxide  films.  At  the  zero  bias,  corresponding  roughly 
to  fi  =  0,  the  negative  charge  states  are  the  most  stable 
except  for  V3.  Within  relatively  small  magnitudes  of  bias 
(0.2-1. 8  V),  the  atomic  structures  change  their  charge 
states  from  negative  to  neutral.  Larger  biases  then 
induce  the  charged  states  from  neutral  to  positive.  This 
manifests  that  the  N  incorporation  in  Si  oxides  itself  is 
inadequate  to  erase  carrier  traps  and  then  improve 
electrical  reliabilities  of  the  gate  dielectrics. 

The  N-incorporated  structures  become  much  stabi¬ 
lized  by  capturing  an  H  atom  at  the  sites  depicted  in 
Fig.  1 .  The  H -terminated  structures  have  lower  energies 
by  2.8-4. 1  eV  than  the  corresponding  H-free  structures 
(see  footnote  2)  plus  H+  in  SiO?  (see  footnote  2).3  As 
shown  in  Figs.  2(c)  and  (d),  the  H  termination  gives  rise 
to  remarkable  changes  in  electronic  structures  and 
consequently  in  structural  stabilities.  All  the  DB  states 


3  For  H  in  Si02,  the  positive  charge  state  has  the  lowest 
energy  at  g,  =  0  (see  Ref.  [19]). 
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disappear  from  the  energy  gap  because  of  formation  of 
strong  bonds  with  H.  As  a  result,  we  have  only  the  gap 
states  from  the  LP  of  N  in  S^h,  S}h  and  and  from 
the  Si-Si  dimer  bond  and  the  LP  of  N  in  V2H.  These 
remaining  gap  states  are  in  the  Si02  energy  gap. 
However,  they  are  practically  inactive  for  a  wide  range 
of  applied  voltage  due  to  their  sufficiently  deep  positions 
in  the  energy  gap  [see  Figs.  2(c)  and  (d)].  Further,  since 
all  the  gap  states  are  already  occupied,  electrons  are 
unable  to  be  trapped  for  the  whole  range  of  the  Fermi 
energy.  Therefore,  in  the  H-terminated  structures, 
S:h,  Sjh  and  Vjh,  the  carrier  traps  are  effectively 
removed  from  the  practical  range  of  the  Fermi-level 
position.  This  is  in  agreement  with  a  recent  voltage  shift 
measurement  for  the  gate  dielectrics  grown  on  the  N- 
implanted  Si  substrate  [8]. 

The  N  =  Si}  unit,  observed  as  the  most  dominant 
species  in  Si  oxynitride,  is  found  to  be  effective  in 
reducing  the  charge  traps,  only  if  it  is  terminated  by  H 
(V?H  and  S}H).  The  H-N  =  Si2  unit  is  also  effective.  The 
existence  of  N-O  bonds,  on  the  contrary,  is  not  desirable 
for  suppression  of  charge  trapping:  We  have  found  that 
the  anti-bonding  states  of  LPs  of  the  N  and  O  atoms  in 
the  S2o  structure  become  hole  traps  that  are  still  active 
for  a  bias  as  small  as  2.7  V,  even  after  H  termination.  Of 
course,  it  is  impossible  that  the  present  models  cover  all 
the  possible  bond  configurations  around  N,  especially 
near  the  Si02/Si  interface.  But  we  argue  that  the 
calculated  results  are  directly  extended  to  other  struc¬ 
tures  and  that  the  charging  characters  can  be  predicted 
based  on  the  generic  features  of  the  present  model 
structures. 

H  termination  (without  N  incorporation),  although 
generally  effective  in  removing  the  gap  states  of  DBs 
from  the  energy  gap,  does  not  automatically  guarantee 
suppression  of  charge  trapping.  A  recent  DFT  calcula¬ 


tion  has  shown  that  the  H-complexed  O  vacancy,  where 
two  Si  atoms  that  were  bonded  to  the  removed  O  atom 
(O  vacancy)  are  terminated  by  two  H  atoms,  is 
susceptible  to  hole  injection,  through  formation  of  an 
H2  molecule  [20].  Based  on  the  present  DFT  calculations 
as  well  as  this  result,  we  argue  that  the  improvement  in 
electrical  reliabilities  of  Si  oxynitrides  originates  from 
the  coexistence  of  N  and  H,  neither  from  the  presence  of 
N  alone  nor  from  the  presence  of  H  alone. 
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Abstract 

This  report  summarizes  the  basic  aspects  of  an  investigation  at  2-mm  waveband  EPR  of  magnetic,  relaxation  and 
dynamics  parameters  of  various  low-dimensional  solid-state  organic  semiconductors  with  mobile  paramagnetic 
impurities.  At  high-registration  frequency,  all  components  of  the  ^-tensor  of  such  paramagnetic  centers  are  determined. 
Relaxation  and  diffusion  rates  of  paramagnetic  impurities  with  different  mobilities  are  determined  by  the  method  of 
steady-state  saturation  of  spin  packets.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  recent  years  are  characterized  by  a  great  attention 
to  the  synthesis  and  investigation  of  new  electronic  low¬ 
dimensional  systems,  organic  polymer  and  fullerene 
semiconductors  [1].  This  happened  since  the  investiga¬ 
tion  of  these  systems  has  generated  entirely  new  scientific 
conceptions  and  a  potential  for  its  perspective  applica¬ 
tion  in  molecular  electronics. 

Normally,  these  systems  contain  paramagnetic  centers 
(PC)  localized  or/and  delocalized  along  molecules, 
therefore  EPR  spectroscopy  is  a  powerful  method  for 
investigation  of  different  properties  of  organic  semicon¬ 
ductors.  However,  at  the  usually  used  centimeter 
wavebands  EPR,  the  signals  of  organic  free  radicals 
are  registered  in  a  narrow  magnetic  field  range  that  leads 
to  the  overlapping  of  the  lines  of  complex  spectrum  or 
spectra  of  different  radicals  with  similar  ^-factors  [1],  It 
was  shown  earlier  [2],  that  transition  to  2-mm  waveband 
EPR  and  use  of  saturation  methods  enable  the  profound 
investigation  of  the  structure,  dynamics,  other  specific 
characteristics  of  paramagnetic  impurities  and  their 
local  environment,  and  charge  transfer  processes  in 
different  solid-state  systems. 
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This  report  is  devoted  to  the  potentialities  of  non¬ 
linear  2-mm  waveband  EPR  spectroscopy  in  the 
investigation  of  relaxation  and  dynamics  properties  of 
PC  in  various  organic  low-dimensional  semiconductors, 
e.g.  polyaniline,  (-C6H4-NH-)A.  (PANI)  slightly  doped 
with  sulfuric  acid  and  in  triphenylamine  fullerene 
complex  (Cg0TPA+)  irradiated  by  light  with  X  >  400  nm. 


2.  Polyaniline 

Nearly  symmetric  Lorentzian  signals  are  observed  in 
the  3-cm  EPR  spectrum  of  the  polyaniline  slightly  doped 
with  sulfuric  acid  (Fig.  la).  At  2-mm  waveband  EPR, 
this  sample  demonstrates  a  more  informative  spectrum 
(Fig.  lb).  Computer  simulation  of  these  EPR  spectra 
showed  that  at  least  two  types  of  PC  are  stabilized  in  the 
polymer  semiconductor,  namely  localized  polarons  R\ 
with  gxx  =  2.00535,  ^.  =  2.00415,  gz.=  2.00238, 

Axx  =  Ayy  =  0.33  mT,  and  Azz  —  2.3  mT,  and  polarons 
Ri  with  0efr  =  2.00395  moving  along  polymer  chains 
with  a  minimum  rate  v°]D^(gxx  -  ge)fiBBo/2nh^ 
5.7  x  107s”!. 

In  both  the  dispersion  components,  the  bell-like 
signals  are  detected  due  to  an  adiabatically  fast  passage 
of  the  inhomogeneously  broadened  line  (Figs,  lc  and  d). 
This  effect  was  not  detected  earlier  at  lower  magnetic 
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Fig.  1.  In  phase  (a-c)  and  7r/2-out-of-phasc  (d)  absorption 
(a.b)  and  dispersion  (c.d)  spectra  of  polyanilinc  base  detected  at 
3-cm  (a)  and  2-mm  (b-d)  wavebands  EPR.  Dotted  lines  show 
shown  calculated  PC  R \  and  dispersion  component  u\ 
registered  at  low  temperature.  The  dispersion  components  u : 
and  u\  are  shown. 

fields.  Indeed,  the  probability  of  interaction  of  the  spin 
packets  Prx.t\\){~hv)c/kT)  decreases  strongly  at  2-mm 
waveband  EPR  such  that  the  spin-packets  become  non¬ 
interacting  and  are  saturated  at  lower  RF  power.  This 
type  of  components  is  a  result  of  rapid  passage  of  PC  as 
the  conditions  of  the  spin  packets  saturation  ycB \ 
v'Tj  T2  >  1  and  adiabatic  passage  of  resonance  dB/dt  = 
hold  (here  T\  and  T2  is,  respectively,  the 
spin-lattice  and  spin-spin  relaxation  time,  dB/dt  is 
the  rate  of  passage  of  resonance.  Bm  and  ojm  are  the 
amplitude  and  angular  frequency  of  magnetic  field 
modulation,  respectively,  and  B\  is  the  magnetic 
component  of  the  polarizing  RF  field.  In  this  case,  the 
dispersion  signal  consists  of  one  linear  and  two  non¬ 
linear  terms  [3]: 

U  =  »|  sinfrw)  +  i/:  s\n(ojmt  -  n)  +  uy  sin (o)mt  -  n/2). 

(1) 

The  dispersion  signal  of  PANI  is  determined  mainly 
by  the  two  later  terms  of  Eq.  (1),  so  that  both  the 
relaxation  times  can  be  calculated  from  the  u2  and  in 
terms  of  Eq.  (1)  as  was  described  earlier  [4]. 

The  relaxation  times  calculated  from  the  dispersion 
spectra  of  PC  in  PANI  sample  are  shown  in  Fig.  2  as  a 
function  of  temperature. 

The  amplitude  and  shape  of  the  components  of  the 
dispersion  signal  depend  not  only  on  the  intensity  of 
spin  exchange  and  the  rate  of  electronic  relaxation,  but 
also  on  the  relatively  slow  macromolecular  reorienta¬ 
tions  or  torsional  librations  in  the  polymer  semiconduc¬ 
tor.  Such  motions  are  usually  studied  by  the  saturation 
transfer  EPR  spectroscopy  (ST-EPR)  [5].  Fig.  1 
shows  that  the  shape  of  the  u y  component  changes 
with  temperature.  It  is  a  typical  manifestation  of 
intensification  of  superslow  anisotropic  librations  of 
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Temperature  (K.) 

Fig.  2.  The  temperature  dependences  of  the  effective  relaxation 
times,  the  ID  and  3D  translative  diffusion  coefficients  of  PC  in 
polyanilinc  slightly  doped  with  sulfuric  acid.  The  dependences 
D,n(r)xln4(10:57*  '**)  and  Dm(T)  xk{  Texpt -0.025^7 
kT)  +  A':rexp(-0.048  eV/kT)  arc  shown  by  a  dashed  and 
dash-dotted  lines,  respectively. 


macromolecules  with  localized  R\  radicals  near  the  main 
A'-axis.  The  correlation  time  of  such  PC  motions  in 
PANI  was  determined  from  the  equation  tJ  =  rj! 
(«5 ///Jr4*  to  be  2.7  x  10  7exp(0.045c'K/A-r).  The  ealeu- 
lated  activation  energies  of  macromolecular  librations 
correspond  to  the  energies  of  optical  phonons  and  are 
close  to  the  value  obtained  for  poly(tetrathiafulvalene) 
and  poly(bis-alkylthioacetylene)  [2]. 

The  experimental  data  obtained  can  be  explained  by 
the  modulation  of  electron  relaxation  by  ID  diffusion  of 
mobile  polarons  along  the  polymer  chains  and  by  their 
3D  hopping  between  the  chains  with  the  diffusion 
coefficients  Did  and  Dy d,  respectively.  Such  spin 
motions  induce  an  additional  magnetic  field  at  the  sites 
of  other  PC.  This  leads  to  the  increase  of  effective 
relaxation  rates  of  the  spin  ensemble  [6] 

T{ 1  =  <  or  >  [27,  (</>,.)  +  8/i(2oj,.)],  (2a) 

7T 1  =  <  or  >  [37(0)  +  57,  (co,)  +  27:(2oj,.)],  (2b) 

where  (or)  is  the  second  momentum  of  the  line,  and 
J(«K)  =  (D|Drucr1/2  at  DyD^(f)c^DlD  and  J(ojc)  = 
(DuyDyj)) /2  at  coc<£>3 d  are  the  spectral  density 
functions  at  the  spin  precession  frequency  coc. 

ID  spin  dynamics  in  PANI  can  be  interpreted  in  the 
framework  of  the  Kivelson-Heeger  model  [7]  of 
isoenergetic  electron  transfer  between  the  polymer  chain 
involving  optical  phonons.  According  to  this  model, 
polarons  should  diffuse  along  the  chain  with  a  diffusion 
coefficient  of 

D]n(T)x  D"n ,lnJ[A,r-"  '], 


(3) 
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Fig.  3.  In  phase  (a-c)  and  7r/2-out-of-phase  (d)  absorption 
(a,b)  and  dispersion  (c,d)  spectra  of  C^0TPA+  complex  detected 
at  3-cm  (a)  and  2-mm  (b-d)  wavebands  EPR.  The  first 
derivative  of  quadrature  dispersion  signal  (insert  d)  is  shown 
by  a  dashed  line  (insert  b).  The  dispersion  components  uj  and 
are  shown. 


100  150  200  250  300 

Temperature  (K) 

Fig.  4.  The  temperature  dependences  of  the  effective  relaxation 
times,  the  rotational  diffusion  coefficient  and  relative  suscept¬ 
ibility  of  PC  in  C60TPA+  complex.  The  dependence  Z)r  = 
Dj  +  k\  T exp(~ 0.027/A: T)  is  shown  by  dashed  line. 


where  k\  is  constant  and  ft  =10.  Fig.  2  shows  that  this 
function  k\  =  1025  K9'8  and  n  =  8.8  fit  well  with  the 
experimental  data. 

As  in  case  of  inorganic  semiconductors,  3D  spin 
dynamics  in  PANI  can  be  explained  by  activated 
hopping  through  a  barrier  Ea,  T>3d(F)cc  T  exp 
(- E.d/kT ).  It  is  seen  from  Fig.  2,  that  spins  and  charges 
hop  between  polymer  chains  with  E&  =  0.025  eV  at 
7X200K  and  with  £a  =  0.048 eV  at  higher  tempera¬ 
tures.  The  latter  value  lies  near  the  energy  of  lattice 
phonons  determined  above.  This  leads  to  a  conclusion 
of  modulation  of  interchain  spin/charge  transfer  by 
macromolecular  motion. 


3.  Fullerene  complex 

PC  in  Cj~0TPA+  demonstrate  a  single  spectrum  with 
g  =  2.0023  and  linewidth  of  0.15  and  1.18  mT  at  3-cm 
and  2-mm  wavebands  EPR,  respectively  (Fig.  3).  At 
2-mm  waveband,  the  EPR  linewidth  decreases  down 
to  1.08  mT  for  the  temperature  decreasing  down  to 
100  K.  The  spin  susceptibility  follows  the  Curie  law  for 
100-250  K  and  it  decreases  sharply  at  higher  tempera¬ 
tures  (Fig.  4). 

As  in  the  case  of  PANI,  in  both  dispersion  compo¬ 
nents,  the  bell-like  signal  are  detected  due  to  an 
adiabatically  fast  passage  of  the  inhomogeneously 
broadened  line  (Figs.  3c  and  d),  so  that  the  relaxation 
times  of  the  sample  can  be  determined  from  its 
dispersion  components  as  well. 

The  temperature  dependencies  of  the  effective  relaxa¬ 
tion  times  of  PC  in  C^0TPA+  are  present  in  Fig.  4.  The 
figure  shows  that  T\(T)  and  T^T7)  functions  differ  on 
those  of  some  metals  and  compounds  of  lower  dimen¬ 
sion.  The  break  in  the  curves  could  be  attributed  to  the 
structural  conformation  transition  in  the  system  at 


rc^250K.  The  Tc  value  is  closer  to  that  of  phase 
transition  in  C60  single  crystal.  It  is  accompanied  with 
the  librative  reorientation  of  preferable  axis  of  some  C60 
molecules  by  22°  and  the  change  of  the  crystal  unit 
volume. 

The  temperature  dependence  of  the  Dr  value  calcu¬ 
lated  for  C60TPA+  from  Eq.  (2)  with  J(coe)  - 
2 DX/(D]  +  co2)  is  also  shown  in  Fig.  4.  The  figure  shows 
that  the  spin  rotation  frequency  increases  monotonicaly 
with  the  temperature  increase  from  100K  up  to 
rc^250K  and  then  increases  sharply  up  to  ~1013s_1 
at  300  K.  As  in  the  case  of  single  crystal  C60,  such  a  drop 
is  probably  caused  by  the  phase  transition  accompanied 
by  the  change  of  the  sample  unit  size.  This  process 
decreases  the  energy  barrier  of  the  molecular  rotation 
that  leads  to  an  the  increase  of  the  motion  rate  in 
the  complex.  The  Dx  value  was  determined 
to  be  D{  =  D®  exp(-0.024/fc77)  at  T ^Tc.  D°v  =  1.2x 
1012rads_1  corresponds  to  an  upper  frequency  limit 
for  optical  phonons  in  solids.  The  activation  energy  Ea  is 
near  to  the  phonon  energy  of  C60  single  crystal,  0.025  eV 
[8];  however,  it  is  less  than  that  of  C6o  rotation,  0.052  eV 
determined  by  X-ray  structure  analysis  [9].  Such  a 
discrepancy  can  be  explained  by  the  larger  size  of 
elemental  unit  of  C^0TPA+  complex  that  should  lead  to 
a  decrease  in  the  rotational  barrier  for  PC. 

The  first  derivative  of  7c/2-out-of-phase  component  of 
the  dispersion  signal  shown  in  Fig.  3d  is  presented  by  a 
dotted  line  in  Fig.  3b.  The  comparison  of  this  spectrum 
with  the  normal  absorption  one  (Fig.  3b)  shows  that, 
two  PC,  R\  and  R2  with  ratio  80: 1  and  equal  ^-factors 
but  with  different  relaxation  and  dynamics  parameters 
are  stabilized  in  the  complex.  The  singlet  attributed  to 
radical  R\  has  ABPP  =  1 .08  mT,  whereas  PC  Ri 
demonstrates  a  doublet  with  A5^  =  0.19mT  splitted 
by  D=  1.37  mT  (Fig.  3b).  The  shape  of  the  latter 
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spectrum  should  be  attributed  to  triplet  pairs  stabilized 
in  the  sample.  The  distance  r12  between  PC  in  this  triplet 
can  be  calculated  in  the  framework  of  an  interaction  of 
two  point-like  dipoles,  D  =  \.5ychrjHo  be  1.22nm.  This 
value  is  lesser  than  the  distances  between  Q0  anions 
(1.8334  nm)  and  that  between  C^n  anion  and  TPA  1 
cation  (I.5394nm),  however,  but  exceeds  another 
anion-cation  distance  (0.9953  nm)  obtained  for  the 
complex  by  X-ray  spectroscopy.  This  discrepancy  can 
be  explained  by  a  more  planar  conformation  of  cation  in 
triplet  pairs. 

As  Fig.  3  shows,  the  spectrum  of  PC  R2  is  manifested 
only  in  7r/2-out-of-phase  dispersion  signal.  This  means 
that  the  effective  relaxation  and  consequently  the 
rotation  rate  of  this  center  exceeds  at  least  by  order  of 
the  value  for  R\.  Indeed,  the  evaluation  of  Z)r  from 
Eq.  (2)  with  <or>  =  1/30 y^D2  for  the  triplet  radical 
pair  [10]  gives  D^lO^s-1  at  room  temperature  that  is 
higher  than  that  estimated  for  R\  radical  with  higher 
linewidth. 


4.  Conclusions 

Two  types  of  PC  with  different  relaxation  and 
dynamics  parameters  are  stabilized  at  doped  PAN1  and 
Cf;0TPA"  complex  irradiated  by  visible  light.  C6(> 
molecules  rotate  actively  at  low  temperatures  and  the 
rate  of  motion  increases  sharply  at  phase  transition.  This 
is  accompanied  by  a  change  in  the  electron  relaxation  and 
in  the  paramagnetic  susceptibility  of  the  system.  The 
change  in  the  conformation  of  the  cation  complex  also 
leads  to  a  considerable  increase  in  the  rotation  frequency. 


The  data  obtained  show  the  evident  advantages  of 
non-linear  2-mm  waveband  EPR  spectroscopy  in  the 
investigation  of  different  organic  semiconductors  of  low 
dimensionality.  The  method  allows  to  analyze  comple¬ 
tely  and  correctly  the  magnetic  and  relaxation  para¬ 
meters  of  PC  of  different  mobilities  in  order  to  obtain 
fine  peculiarities  of  molecular  and  spin  dynamics  in  these 
and  other  systems. 
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Abstract 

We  investigated  the  effects  of  the  incorporation  of  Na  and  O  into  p-type  Cu-deficient  CuInS2.  Codoping  of  Na  and  O 
leads  to  the  formation  of  a  complex  containing  NaCu  and  Os,  where  they  occupy  nearest-neighbor  sites,  causing  the 
annihilation  of  the  deep  level  in  the  band  gap  due  to  the  n-type  Cu-S  divacancy.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

PACS:  61.72.Bb;  61.72.— y;  61.72.Ji 
Keywords:  Divacancies;  Na;  O;  CuInS2 


1.  Introduction 

The  ternary  semiconductor  CuInS2  with  a  chalcopyr- 
ite  structure  is  a  promising  material  for  high-efficiency 
solar  cells  because  its  band  gap  of  1.5  eV  matches  the 
solar  spectrum  well.  We  have  demonstrated  that  Na 
incorporation  into  p-type  Cu-deficient  CuInS2  thin  films 
is  essential  for  fabricating  high-efficiency  CuInS2-based 
solar  cells  without  employing  the  KCN  process  [1-4]. 
The  achieved  efficiencies  are  10.6%  and  11.2%  for 
CuInS2  and  Cu(In,Ga)  S2  solar  cells,  respectively  [4].  We 
have  reported  that  the  Na  incorporation  annihilates  the 
donor  states  generated  in  Na-free  CuInS2  films  and, 
consequently,  significantly  enhances  the  electric  con¬ 
ductivity  of  the  film  [3].  The  calculated  results  using  an 
ab  initio  electronic-band-structure  calculation  method 
suggests  that  the  Na  atoms  move  easily  toward  the  Cu- 
vacancy  (Vcu)  sites  near  the  surface,  where  the  material 
becomes  more  Cu  deficient  [5,6].  Moreover,  we  calcu¬ 
lated  the  enthalpies  of  migration  via  VCu  of  Cu  and  Na 
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atoms  in  Cu-deficient  CuInS2  to  be  1.12  and  0.42  eV, 
respectively  [7].  There  have  been  various  investigations 
on  defect  structures  for  CuInS2.  It  was  reported  that  an 
acceptor  level  with  70-105  meV  corresponds  to  VCu  [8- 
1 1]  and  the  three  donor  levels  with  35-55,  70-72,  and 
140-200  meV  correspond  to  sulfur  vacancy  (Vs)  [8-10], 
interstitial  In  (Inj)  or  In  at  Cu  sites  (InCu)  [10],  and  InCu 
[9,10,12],  respectively.  For  p-type  Cu-deficient  CuInS2 
thin  films  fabricated  by  us,  from  the  PL  measurement, 
we  find  a  deep  donor  level  with  270  meV.  This  decreases 
the  conductivity  of  the  thin  films,  as  discussed  below. 

The  purpose  of  this  work  is  to  propose  a  model 
regarding  the  defect  structure  of  Cu-deficient  CuInS2  by 
a  codoping  method  using  Na  and  oxygen  (O)  atoms, 
giving  the  origin  of  the  defect  which  behaves  as  the  p- 
type  killer. 


2.  Methodology 

The  preparation  process  of  CuInS2  thin  films  is  given 
elsewhere  [13].  Low-temperature  PL  was  performed 
using  an  Ar  gas  laser  with  a  wavelength  of  514.5  nm  as 
the  excitation  source.  PL  spectra  were  obtained  for  the 
samples  cooled  to  9K  inside  an  optical  cryostat.  PL 


0921-4526/01/$ -see  front  matter  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S0921-4526(01)00867-5 


1008 


T.  Yamamoto  et  al  /  Physic  a  B  30<S  310  (2001)  1007-1010 


signals  were  processed  by  means  of  a  liquid-nitrogen- 
cooled  Ge  detector  and  a  lock-in  amplifier.  For 
excitation  intensity  dependence  measurements,  different 
kinds  of  optical  neutral-density  (ND)  filters  were  used  to 
vary  the  intensity  by  setting  them  in  the  optical  path. 
The  SIMS  analysis  was  performed  with  Cs  primary  ions 
to  investigate  the  distribution  of  Na  and  O  in  the  films. 
The  measurement  area  was  100  x  140  pm2.  We  mon¬ 
itored  the  149NaCs  ion  for  positive  ion  detection  and  the 
lsO  ion  for  negative  ion  detection  since  the  distribution 
of  the  l60  overlaps  that  of  the  double-charged  ion  of 
32S.  Details  concerning  the  preparation  for  SIMS 
measurements  are  given  elsewhere  [13]. 

The  results  of  our  band-structure  calculations  for 
CuInS2  doped  with  Na.  VCll  or  oxygen  atoms  at  S  sites 
(Os)  are  based  on  the  local-density  treatment  of 
electronic  exchange  and  correlation  [14-16]  and  on  the 
augmented-spherical-wave  (ASW)  [17]  formalism. 
Further  details  are  given  elsewhere  [5,7,13]. 


3.  Results  and  discussion 

First,  we  show  the  PL  spectra  for  CuInS2  films 
codoped  with  Na  and  O  and  without  them  in  Fig.  1.  We 
found  four  peaks  at  1.52,  1.44,  1.40  and  1.20eV.  The 
most  significant  difference  in  the  PL  spectra  between 
codoped  and  undoped  CuInS2  films  is  the  intensity  of 
the  peak  at  1.20eV.  This  emission,  related  to  a  deep 
defect  level,  could  be  reduced  in  intensity  by  the 
incorporation  of  both  Na  and  O.  In  order  to  investigate 


the  origin  of  the  emission  peaks,  the  dependence  of  the 
emission  peak  on  both  the  excitation  power  and 
temperature  was  measured  for  the  Na-free  CuInS2  film 
as  a  standard  reference. 

From  the  measurement  of  the  dependence  of  the 
emission  peak  energies  (£p)  for  peaks  B.  C  and  D  on  the 
excitation  power  (P),  as  shown  in  Fig.  2,  we  find  that  the 
three  emission  peaks  shift  towards  high  energies  with 
increasing  excitation  intensity.  We  interpret  that  all  the 
shifts  in  terms  of  the  excitation  can  be  considered  to  be 
the  characteristic  criteria  of  donor-acceptor  (DA)  pair 
transitions.  For  peaks  B  and  C,  the  increase  of  £P  with 
increasing  excitation  power  can  be  explained  for  the 
ratio  of  only  a  few  meV,  A EP  to  A P,  on  the  basis  of  a 
decrease  of  the  mean  value  of  the  distance  between  the 
acceptor  and  donor  atoms  at  higher  excitation  levels 
[18].  On  the  other  hand,  for  peak  D,  Fig.  2(c)  indicates 
another  mechanism  which  causes  larger  values 
(>  lOmeV)  of  the  ratio.  The  mechanism  may  be  band 
perturbation  due  to  high  concentrations  of  defects  [19]. 

For  Cu-deficient  CuInS2,  we  focus  on  the  idea  that  a 
Cu-vacancy  (VCu)  is  considered  to  be  a  dominant  defect 
as  acceptor.  Hence  there  are  three  different  donor 


0.01  0.1  1  10  100 


Fig.  2.  The  dependence  of  the  emission  peaks  (peaks  B-D)  on 
excitation  intensity  at  9K  for  Cu-deficient  CuInS:  undoped 
film. 
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defects,  such  as  Vs,  indium  interstitial  (Ini)  and  In  at  Cu 
sites  (InCu),  in  the  CuInS2  films.  It  was  reported  that  the 
origins  of  emissions  at  1.447  and  1.41  eV  were  the  DA 
transitions  between  a  sulfur  vacancy  (Vs)  and  VCu,  and 
that  between  indium  interstitial  (Ini)  and  VCu,  respec¬ 
tively  [20].  Our  measurements  of  PL  concerning  both 
peaks  B  and  C  are  in  good  agreement  with  those  of  the 
above  report.  Here,  we  can  deduce  that  the  30  meV  level 
corresponds  to  Vs,  whereas  VCu  generates  an  80meV 
level,  based  on  the  measurement  of  the  PL  intensity  as  a 
function  of  temperature  [13]. 

We  note  the  origin  of  the  near-edge  emission  peak  at 
1.52  eV.  The  possible  recombination  origins  include 
both  the  donor-to-valence-band  and  the  conduction- 
band-to-acceptor  transitions.  Two  groups  reported 
identifying  the  origin  to  be  a  donor-to-valence-band 
emission  [11,20].  In  this  work,  we  have  little  information 
concerning  the  nature  of  the  defects. 

With  regard  to  the  emission  peak  at  1.20  eV  for 
undoped  CuInS2,  which  changes  significantly  in  this 
work,  to  our  knowledge,  there  has  been  as  yet  no 
investigation.  For  Cu-deficient  CuInS2,  the  copper  and 
sulfur  vacancies  are  the  most  probable  defects.  We 
predict  that  the  single  intrinsic  defect  levels  of  CuInS2 
will  be  relatively  shallow  from  the  band-structure 
calculations  [21].  Thus,  we  discuss  the  possibility  of  the 
occurrence  of  the  complex  defects  including  Vs  and  VCu. 
In  Table  1,  we  summarize  the  difference  in  the  calculated 
lattice  energy  (Madelung  energy),  AEm,  between  un¬ 
doped  and  doped  CuInS2.  Table  1  shows  that  as  the 
number  of  VCu  increases,  the  Madelung  energy  in¬ 
creases.  This  gives  rise  to  a  shift  in  S  3p  levels  towards 
higher  energy,  resulting  in  the  instability  of  S  in  the 
vicinity  of  the  Vcu  site  [22].  This  suggests  that  the 
formation  of  n-type  divacancies  (VCu_s),  which  include 
VCu  and  vacancies  of  sulfur  close  to  the  Vcu  site  (Vcu-s) 
will  be  more  favorable  with  increasing  VCu  concentra¬ 
tion.  Actually,  for  CuInSe2  with  a  narrower  band  gap  of 
1.04  eV,  Kimura  et  al.  suggest  that  the  origin  of  the  deep 
donor  level  with  220  meV  is  the  VCu-se  divacancy  [23]. 
On  the  other  hand,  from  Table  1,  we  find  that  the 
incorporation  of  Na,  which  occupies  Cu-vacancy  sites, 
causes  a  decrease  in  the  Madelung  energy.  From  the 
analysis  of  the  S  3p  levels  in  the  vicinity  of  the  sites  of 
Na  for  Na-incorporated  CuInS2,  we  find  that  the  Na 
incorporation  stabilizes  the  S  atoms  close  to  the  Na 


Table  1 

Calculated  difference  in  the  Madelung  energy,  A£Mud,  between 
undoped  and  doped  CuInS2  crystals 


Defects 

2VCu 

VCu 

NaCuVcu 

2NaCu 

NaCuOsa 

A^Mad 

+  11.22 

+  5.82 

+  2.81 

-9.82 

-10.55 

a  Complex  of  Na  and  O  which  occupy  nearest-neighbor 
sites. 


sites.  This  gives  us  a  solution  for  the  problem  concerning 
the  formation  of  the  Cu-S  divacancies;  a  codoping  using 
Na  and  other  elements  that  strongly  correlates  with  Na 
atoms.  From  the  band-structure  calculations  under  the 
condition  of  minimum  total  energy,  we  find  that  the 
formation  of  the  complex  of  NaCu  and  Os  that  occupy 
nearest-neighbor  sites  is  energetically  favorable.  We  note 
that  the  formation  of  the  complex  of  Na  and  O  plays  an 
important  role  in  the  decrease  of  the  concentrations  of 
the  n-type  VCu-s  divacancy.  Moreover,  as  shown  in 
Table  1,  there  is  a  decrease  in  the  Madelung  energy  of 
CuInS2 :  (NaCu  and  Os)  compared  with  that  of  undoped 
CuInS2. 

We  carried  out  SIMS  after  removing  secondary  phase 
NaInS2  [2,3,24]  by  HC1  treatment,  in  order  to  investigate 
the  distribution  of  Na  and  O  codoped  in  the  CuInS2 
crystal.  Considering  the  above  findings  based  on  the 
calculated  results,  it  is  of  interest  to  study  the  SIMS  data 
shown  in  Fig.  3,  which  shows  SIMS  depth  profiles  of  Na 
and  O  after  removing  the  NaInS2  phase.  We  confirmed 
that  the  Na  concentration  near  the  film  surface  was 
reduced  by  removing  the  NaInS2  phase.  Even  after 
etching  NaInS2,  we  established  high  concentration  of  Na 
of  the  order  of  1019-102Ocm-3,  as  determined  by  SIMS. 
Note  that  the  shape  of  the  O  profile  closely  resembles 
that  of  the  Na  profile.  This  indicates  that  the  Na  atoms 
strongly  correlate  with  the  O  atoms  within  CuInS2.  The 
SIMS  profile  shows  that  both  Na  and  O  are  incorpo¬ 
rated  in  almost  equal  amounts.  Based  on  the  above 
results  and  discussion,  we  propose  a  model  of  the  defect 
structure  which  includes  the  complex  of  NaCu  and  Os 
which  occupy  the  nearest-neighbor  sites  for  CuInS2 :  (- 
Na,  O).  That  is,  the  Na-O  complex  annihilates  n-type 
Vcu-s  divacancies  existing  in  the  Na-free  films. 

4.  Conclusion 

The  following  conclusions  are  derived  from  the 
experimental  and  theoretical  results  and  discussion. 


Depth  (nm) 

Fig.  3.  SIMS  depth  profiles  for  CuInS2:(Na,  O)  film  after 
removing  NaInS2. 
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We  succeeded  in  controlling  n-type  defects,  particularly 
the  defects  causing  deep  levels,  by  the  incorporation  of 
both  Na  and  O  species  into  p-type  CuInS2  thin  films.  We 
propose  a  model  of  the  defect  structure  for  CuInS2 
codoped  with  Na  and  O.  That  is,  NaC  u  and  Os  form  a 
complex  in  which  they  occupy  nearest-neighbor  sites. 
That  annihilates  the  deep  level  due  to  the  n-type  V(  u  s 
divacancy. 
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Abstract 

Defect  formation  processes  in  chalcogenide  vitreous  semiconductors  of  the  ternary  As  — Ge  — S  system,  induced  by 
the  60Co  y-irradiation  with  2.82  MGy  absorbed  dose,  are  studied  using  positron  lifetime  measurements.  The  obtained 
results  are  explained  at  the  level  of  both  short-  and  medium-range  ordering  in  the  framework  of  coordination 
topological  defects  model  modified  with  free-volume  microvoids  formation.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

Keywords:  Positrons;  Semiconductors;  Chalcogenides;  Glasses 


1.  Introduction 

Positron  annihilation  method  is  a  powerful  instru¬ 
ment  for  the  experimental  study  of  solids  at  different 
levels  of  their  structural  hierarchy  [1].  It  is  characterized 
by  a  high  sensitivity  to  local  changes  associated  with 
point  and  linear  defects,  impurities  and  inhomogeneities, 
crystallites  and  phase  incorporates,  microvoids  and 
atomic  clusters. 

The  application  of  this  method  for  disordered  solids, 
such  as  chalcogenide  vitreous  semiconductors  (ChVS), 
gives  very  important  and  sometimes  exclusive  informa¬ 
tion  on  their  structural  features  as  well  as  on  micro- 
structural  transformations,  induced  by  different  kinds  of 
high-energetic  ionizing  irradiation.  The  coordination 
topological  defects  (CTD)  model  for  these  radiation- 
induced  effects  in  the  binary  ChVS  was  created  [2,3]  in 
the  framework  of  well-known  D+-D“  point  charged 
defects  concept  developed  by  Mott  et  al.  [4].  As  a  rule, 
only  data  of  vibrational  spectroscopy  methods  (such  as 
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the  Raman,  IR  Fourier  spectroscopy)  were  obtained  on 
the  basis  of  the  above  model. 

The  aim  of  the  present  investigations  is  to  obtain 
additional  data  on  the  CTD  in  the  ternary  As  — Ge  — S 
ChVS  of  stoichiometric  AS2S3  — GeS2  and  non-stoichio- 
metric  AS2S3  — Ge2S3  cross-sections  using  positron 
annihilation  lifetime  technique. 


2.  Experimental 

The  investigated  bulk  samples  of  ternary  stoichio¬ 
metric  (As2S3)r(GeS2)i -y  (y=0. 1-0.6)  and  non-stoi- 
chiometric  (As2S3).Y(Ge2S3)i_Y  (x  =0.2-0.4)  systems 
were  prepared  by  a  well-known  melt  quenching  method 
described  previously  elsewhere  [5]. 

The  prepared  ChVS  samples  were  irradiated  by 
y-quanta  with  an  accumulated  dose  of  2.82  MGy  and  a 
dose  power  of  20  Gy/s  in  the  normal  conditions  of 
stationary  radiation  field,  created  in  the  closed  cylind¬ 
rical  cavity  owing  to  concentrically  established  60Co 
(E  =  1.25  MeV)  sources. 

The  measurements  of  positron  annihilation  lifetimes 
were  carried  out  using  an  ORTEC  spectrometer  with  the 
FWHM  (full-width  at  half-maximum)  resolution  of 
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0.270ns.  The  Na  isotope  with  0.74 MBq  activity  was 
used  as  a  positron  source  placed  between  two  identical 
samples,  forming  a  “sandwich”  system.  The  positron 
lifetimes  were  calculated  from  the  LT  computer  program 
[6]  using  a  single  exponential  function  as  well  as  a  sum  of 
two  weighted  exponential  functions  fittings. 


3.  Results  and  discussion 

The  positron  lifetime  characteristics  of  the  investi¬ 
gated  ChVS  samples  before  and  after  y-irradiation  are 
presented  in  Table  1.  Let  us  try  to  explain  these  results 
taking  into  account  the  previously  obtained  experimen¬ 
tal  data  of  other  authors  [7—10]. 

There  are  two  principally  different  approaches  to  the 
interpretation  of  the  positron  lifetime  measurements  in 
the  ChVS. 

The  first  one,  developed  by  Kobrin  and  Shantarovich 
with  co-workers  in  the  1980s  [7-9]  on  the  basis  of  the 
CTD  concept,  prefers  the  positron  annihilation  pro¬ 
cesses  in  the  ChVS  at  the  negatively  charged  “dangling” 
bonds.  It  was  assumed  on  the  basis  of  numerous 
experimental  data  for  the  various  ChVS  systems 
(however,  without  strong  theoretical  calculations)  that 
the  main  types  of  these  CTD  were  characterized  by  the 
following  lifetimes— 0.32ns  (S^),  0.37ns  (AsJ)  and 
0.42  ns  (Ger).  The  upper  index  in  the  CTD  signature 
indicates  the  charged  electrical  state,  and  the  lower  one. 


the  number  of  neighbouring  atoms.  The  experimentally 
observed  positron  annihilation  lifetime  components 
were  treated  as  a  superposition  of  various  combinations 
of  these  lifetimes  with  each  other,  as  well  as  lifetimes  of 
positron  annihilation  on  non-localized  free  electrons 
(0.2  ns)  or  microcrystalline  inclusions  (0.5  ns).  Thus, 
only  topological  changes  at  the  short-range  ordering 
level  were  taken  into  account  in  this  consideration. 
However,  in  this  way  it  is  difficult  to  explain  the  positron 
annihilation  lifetimes  less  than  0.32  ns.  because  the 
free-electron  concentration  is  typically  too  low  in  the 
ChVS  [11]. 

The  second  approach  is  based  on  the  theoretical 
lifetime  calculations  for  the  positrons  trapped  by  the  so- 
called  open  volume  defects  (vacancies  and  vacancy 
clusters)  in  crystalline  As2Se>  It  was  carried  out  by 
Jensen  et  al.  at  the  beginning  of  the  1990  in  order  to 
explain  the  experimentally  observed  results  on  positron 
lifetime  measurements  in  glassy  As2Se3  [10].  It  was 
stated  that  not  intrinsic  negatively  charged  CTD. 
but  only  microvoids  of  25-100  A3  volume  in  the 
form  of  As-  (0.262  ns)  and  Se-monovacancies 
(0.274  ns),  As-Se  di vacancy  (0.316  ns)  and  As-Se3 
quadruple  vacancy  (0.368  ns)  were  responsible  for 
the  positron  trapping.  The  lowest  value  of  the  posi¬ 
tron  lifetime  (0.240  ns)  was  attributed  to  non-trapped 
positron  annihilation  in  defect-free  bulk  crystalline 
As2Se3.  Apart  from  this,  the  experimental  evidences 
for  the  CTD  formation  processes  in  the  ChVS 


Table  1 

Positron  lifetime  characteristics  for  boundary  compositions  of  the  investigated  stoichiometric  (As>S3),(GeS-*)i_,.  and  non- 
stoichiometric  (As2S;i)v(Ge;!Sdi  v  ChVS  systems  before  and  after  y-irradiation  with  2.82  MGy  dose 


Glass  composition 

Before  y-irradiation  (ns) 

After  y-irradiation  with  2.82  MGy  dose 

Experimental  values  (ns) 

Mean  lifetime  (ns) 

y  =  0.6 

r,  =0.3638  ±0.0002 

r,  =  0.277±0.002; 

/,  =0.67  ±0.01 
i:  =  0.386  ±0.003; 
h  =  0.33  ±0.01 

r  =  0.313±0.003 

y  =  0.1 

T,  =  0.3644  +  0.0004 

T|  =  0.282  ±0.009; 

I\  =  0.53  ±0.05 
t2  =  0.397  ±0.0 10; 

/,  =0.47  ±0.05 

t  =  0.336  ±0.0 10 

o 

II 

t,  =  0.3396  ±0.0003 

r,  =  0.275±0.010; 

/,  =0.55  ±0.06 
t2  =  0.392  ±0.0 13; 
h  =  0.45  ±0.06 

r  =  0.328  ±0.0 13 

.y  =  0.2 

r,  =  0.239  ±0.006 

1\  =0.43  ±0.02 
t:  =  0.385  ±0.005 
/,  =  0.57  ±0.02 

r,  =  0.243  ±0.0 17; 

/,  =0.33  ±0.05 
t2  =  0.387  ±0.009; 

/:  =  0.67  ±0.05 

t  =  0.339  ±0.0 17 
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are  quite  convincing  [2,3,15]  and,  consequently, 
they  cannot  be  rejected  fully  without  any  serious 
arguments. 

So  none  of  these  approaches  can  be  accepted  entirely 
to  explain  the  experimental  results  of  the  positron 
annihilation  measurements  in  the  ChVS. 

We  believe  that  positron  trapping  in  the  ChVS  occurs 
on  microvoids,  but  their  association  with  the  CTD  must 
be  taken  into  account  too. 

A  part  of  the  microvoids  have  a  fluctuating  nature 
and  can  be  frozen  technologically  at  melt  quenching 
[12-15].  Their  volumes  in  the  ChVS  are  typically  as  high 
as  15-30  A3,  which  is  less  than  the  volumes  of  discrete 
atomic  vacancies  introduced  in  Ref.  [10].  This  value  of 
15-30  A3  can  be  reduced  even  to  5-10  A3  by  accepting 
that  fluctuation  microvoids  are  probably  connected  with 
boundary  shifts  of  bridge  chalcogen  atoms  [15].  These 
native  microvoids  of  atomic  and  sub-atomic  sizes  lead  to 
a  lower  compactness  of  glassy-type  atomic  network  in 
comparison  with  the  crystalline  structures.  It  means  that 
these  native  free-volume  microvoids  can  be  the  traps 
for  positrons  with  characteristic  lifetimes  less  than 
0.25-0.30  ns  (due  to  the  dependence  of  the  positron 
lifetimes  on  open  volumes  presented  in  Ref.  [10]). 

But  the  other  part  of  the  microvoids  can  be  created  in 
the  ChVS  structure  by  external  influences  as  a  result  of 
atomic  transformations  at  the  medium-range  ordering 
level  in  the  nearest  vicinity  of  the  negatively  charged 
CTD  (CTD-based  microvoids).  This  process  is  shown 
schematically  in  Fig.  1  in  the  example  of  (S]~,  AsJ )  CTD 
formation  in  amorphous  As2S3,  caused  by  photoexpo¬ 
sure  [16].  It  is  clear  that  the  appearance  of  an  additional 
As  — As  covalent  chemical  bond  instead  of  the  des- 
tructed  As-S  one  at  the  positively  charged  AS4  defect 
leads  to  the  local  densification  of  the  atomic  package, 
while  near  the  negatively  charged  S]"  CTD  the  atomic 
network  is  distorted  with  free-volume  microvoid  forma¬ 
tion  (which  is  crosshatched  in  Fig.  1). 


Fig.  1.  A  topological  scheme  illustrating  the  process  of  addi¬ 
tional  free-volume  formation  in  the  vicinity  of  the  negatively 
charged  coordination  defect. 


It  is  difficult  to  quantitatively  estimate  the  real  volume 
of  the  created  CTD-based  microvoids  for  different  kinds 
of  the  negatively  charged  CTD,  but  their  appearance  in 
the  vicinity  of  the  negatively  charged  CTD  provides  the 
effective  positron  trapping  with  characteristic  lifetimes 
given  by  Kobrin  and  Shantarovich  with  co-workers 
[7-9]. 

The  positron  annihilation  lifetime  measurements 
show  that  before  the  y-irradiation,  all  the  ChVS  samples 
of  the  stoichiometric  system  (the  experimental  data  for 
two  of  them  with  maximal  content  of  As2S3  and  GeS2 
are  presented  in  Table  1)  are  characterized  by  one  mean 
positron  lifetime  of  —  0.36  ns. 

The  fulfilled  computer  treatment  of  the  obtained 
results  shows  the  existence  of  two  lifetime  components 
after  y-irradiation:  short-  and  long-lived  ones.  The  first 
one  (t i~0.28  ns)  seems  to  be  responsible  for  positron 
annihilation  on  the  native  free-volume  microvoids  and 
S7  CTD  with  an  associated  free  volume.  The  second 
lifetime  (t2  -0.39  ns)  is  attributed  to  the  superposition  of 
lifetimes  for  positrons  trapped  on  Gej"  and  As2  CTD 
(with  associated  microvoids).  According  to  the  ratio  of 
these  short-  and  long-lived  components  (see  Table  1),  it 
can  be  concluded  that  the  Sf  CTD  are  dominant  in  the 
As2S3-enriched  ChVS  compositions.  On  the  contrary, 
the  role  of  the  GeJ  CTD  becomes  more  essential  with 
GeS?  content  in  the  investigated  stoichiometric  ChVS. 

The  results  of  the  positron  annihilation  measurements 
for  two-boundary  non-stoichiometric  ChVS  composi¬ 
tions  are  also  presented  in  Table  1.  It  is  established  that 
the  As-enriched  non-irradiated  glasses  are  characterized 
by  a  lone  mean  lifetime  of  positrons  (-  0.34 ns),  while 
two  lifetime  components  (with  average  lifetime 
t  =  0.322  ns)  appear  with  high  Ge  content  in  the 
(As2S3)0  2(Ge2S3)0.8  sample.  The  short-lived  component 
(Tl  0.24  ns)  can  be  explained  similarly  as  in  the  case  of 
the  irradiated  stoichiometric  ChVS.  The  same  inter¬ 
pretation  is  proper  for  a  long-lived  component  of 
t2-0.39  ns.  We  treat  the  latter  by  positron  annihilation 
on  the  trapping  sites  of  the  Ge^  and  As2  CTD.  Such  a 
separation  of  short-  and  long-lived  components  is 
observed  only  in  the  Ge-enriched  non-stoichiometric 
ChVS.  It  is  well  known  that  these  samples  have  a  very 
small  atomic  compactness  [11]  and,  finally,  a  high  level 
of  structural  defectiveness.  So,  we  conclude  that  a  large 
concentration  of  the  electrically  charged  CTD  with 
extremely  great  amount  of  associated  CTD-based 
microvoids  initially  exist  as  positron  traps  in  these 
glasses. 

The  structure  of  the  non-stoichiometric  ChVS  (similar 
to  stoichiometric  ones)  becomes  more  defective  after  the 
y-irradiation.  As  a  result,  two  positron  lifetime  compo¬ 
nents  with  the  above  attributions  to  traps  on  the 
negatively  charged  CTD  (with  associated  microvoids) 
and  native  free-volume  microvoids  appear.  It  is  clear 
that  the  role  of  long-lived  positron  trapping  is  enhanced 
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with  Ge  content  in  the  investigated  ChVS  owing  to 
the  Ger  CTD  (r~  0.42  ns)  in  good  accordance  with 
the  previously  studied  concentration  dependence  of 
radiation-induced  optical  effects  in  this  system  [5]. 


4.  Conclusions 

The  obtained  results  on  the  positron  annihilation 
lifetime  measurements  in  the  ternary  As-Ge-S  ChVS 
of  stoichiometric  As^S^  — GeS2  and  non-stoichiometric 
As2S3-Ge2S3  cross-sections  prove  the  essential  role  of 
the  CTD  formation  processes  in  the  observed  radiation- 
induced  effects.  The  developed  modified  model  of  the 
CTD  formation  associated  with  free-volume  microvoids 
at  the  levels  of  both  short-  and  medium-range  ordering 
describes  well  the  compositional  features  of  these  effects. 
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Abstract 

Electron  paramagnetic  resonance  (EPR)  and  photo-EPR  investigations  of  as-grown,  post-growth  annealed  and 
electron  irradiated  zinc  germanium  diphosphide  (ZnGeP2)  crystals  allowed  the  determination  of  native  acceptor-  and 
donor-related  defect  levels  in  the  ZnGeP2  bandgap.  From  the  photoinduced  generation  of  the  Vzn  EPR  spectrum  for 
electron-irradiated  samples  with  the  Fermi-level  above  the  recharging  level  it  is  inferred  that  the  Vzn  1  acceptor  state  is 
located  at  1.02  +  0.03  eV  below  the  conduction  band.  Observation  of  the  recharging  process  in  as-grown  and  post¬ 
growth  annealed  samples  yields  the  localization  of  the  Ge  anti-site  donor  level  Gezn/  +  +  at  is0pt  =  E\  +  1.70  +  0.03  eV. 
Moreover,  photoinduced  processes  involving  the  quenching  and  generation  of  the  Vzn  and  VP  EPR  spectra, 
respectively,  are  observed  with  an  energy  of  E0Y>i  =  0.64  +  0.03  eV.  A  model  that  can  explain  the  complementary  changes 
of  the  Vzn  and  VP  EPR  intensities  is  briefly  discussed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnGeP2;  Photo-EPR;  Native  defects;  Energy  levels 


1.  Introduction 

Zinc  germanium  diphosphide  (ZnGeP2)  is  one  of 
the  most  technologically  important  materials  among  the 
ternary  II-IV-V2  compounds  due  to  its  promising 
applications  for  non-linear  optical  devices  such 
as  tunable  mid-infrared  optical  parametric  oscillator 
(OPO)  laser  systems.  However,  up  to  now  the  per¬ 
formances  of  such  OPOs  are  affected  by  a  broad 
absorption  band  extending  from  the  fundamental  edge 
near  625  nm  up  to  2.5  pm,  which  overlaps  with  the 
desirable  OPO  pump  wavelengths.  This  unwanted 
absorption  with  a  pronounced  plateau  near  1  pm  is 
mainly  attributed  to  the  photoionization  of  a  deep 
acceptor  center  associated  with  the  negatively  charged 
state  of  the  zinc  vacancy  (Vzn)  [1].  A  large  reduction  of 
this  unwanted  absorption  could  be  obtained  by  high- 
energy  electron  irradiation  of  the  crystals.  Electron 
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paramagnetic  resonance  (EPR)  and  photo-EPR  investi¬ 
gations  of  as-grown,  electron-irradiated  and  annealed 
ZnGeP2  samples  have  shown  strong  differences  in  the 
Vzn-related  EPR  signal  intensity,  which  are  mainly 
caused  by  a  meta-stable  recharging  of  the  V+n  centers 
owing  to  the  preparation  induced  shift  of  the  Fermi-level 
[2].  Photoinduced  EPR  studies  of  such  highly  compen¬ 
sated  bulk  ZnGeP2  crystals  have  identified  two  donor 
centers,  that  have  been  attributed  to  the  neutral  P 
vacancy  (VP)  [3]  and  the  singly  charged  GeZn  anti-site 
(Gezn)  [4]  centers,  respectively.  No  clear  defect  assign¬ 
ments  have  been  made  for  the  usually  broad  photo¬ 
luminescence  bands  in  the  range  from  1.2  to  1.6eV. 
However,  a  correlation  with  the  concentration  of  the 
phosphorus  vacancies  was  observed  [5]  and  some  parts 
of  the  broad  infrared  emission  exhibit  features  of 
classical  donor-acceptor  recombination  in  dependence 
of  the  excitation  density  and  time-decay  character  [2,6]. 
An  assignment  of  the  three  identified  native  defects 
described  above  to  energy  levels  in  the  ZnGeP2  bandgap 
determined  by  electrical  measurements  [7]  does  not  exist 
to  date.  In  the  present  article,  we  report  for  the  first  time 
the  wavelength  dependence  of  the  photoinduced  changes 
in  the  EPR  signal  intensities  associated  with  the  acceptor 
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center  VZn  as  well  as  the  donors  Vp  and  Ge/n  in 
ZnGeP2. 


2.  Experimental  details 

The  ZnGeP2  bulk  crystals  used  in  this  work 
were  grown  by  the  gradient  freezing  Bridgman  method. 
For  the  EPR  studies,  small  samples  with  dimension 
1x1x5mm3  were  cut  along  the  main  crystallo¬ 
graphic  directions  from  as-growm,  post-growth  annealed 
and  electron-irradiated  samples.  The  EPR  and  photo- 
EPR  measurements  w'ere  performed  at  the  Q- 
band  (v^  34  GHz)  in  the  temperature  region  4-50  K 
using  a  Bruker  ESP  300E  spectrometer.  The  samples 
could  be  irradiated  with  monochromatic  light  via  a 
0.4  mm  optical  fiber  in  the  rod  inserted  into  the  helium 
cryostat,  which  had  the  sample  mounted  on  the 
other  end.  Light  from  a  100W  Xenon  or  Halogen 
lamp  w'as  dispersed  by  a  grating  monochromator 
and  coupled,  after  passing  additional  glass  filters,  into 
another  0.4  mm  optical  fiber  at  the  end  of  which 
the  spectral  dependence  of  the  photon  flux  was 
measured.  When  illuminating  the  samples,  the  two  fibers 
were  connected. 


3.  Experimental  results  and  discussion 

In  the  dark,  both  the  as-grown  and  annealed  ZnGeP2 
samples  studied  exhibit  only  the  strong  EPR  spectrum 
described  in  Ref.  [8],  which  has  been  identified  as 
the  single  negatively  charged  zinc  vacancy  (V/n)  by 
ENDOR  measurements  [9,10].  ZnGeP2  has  a  tetragonal 
chalcopyrite  crystal  structure  where  the  c  direction  is 
denoted  as  [001]  and  the  tw'o  equivalent  a  directions 
are  labeled  [100]  and  [010].  The  line  positions  of 
the  electron  spin  transitions  are  given  by  the  linear 
Zeeman  interaction  for  S=  1/2  and  the  principal 
(/-values  g ,  =  2.002,  g2  =  2.021  and  gy  =  2.074  in  the 
main  directions  [011],  [1 0  0],  [0  I  1],  respectively  [3]. 
In  the  tetragonal  crystal  structure,  there  are  four 
crystallographic  equivalent  center  orientations.  Every 
electron  spin  transition  is  split  into  a  triplet 
with  the  intensity  ratio  1:2:1  by  the  hyperfine  inter¬ 
action  with  two  equivalent  phosphorus  nuclei  (/  =  1  /2, 
100%  abundant)  varying  from  3.5  to  5.5  mT  in 
magnitude.  For  an  arbitrary  direction  of  the  magnetic 
field,  an  overlapping  of  the  triplets  belonging  to  the 
four  center  orientations  is  observed  in  the  X-band.  but  a 
complete  resolution  of  the  hyperfine  interaction  of 
the  different  center  positions  can  be  obtained  at  least 
for  some  directions  in  the  Q-band  owing  to  the  3.5  times 
higher  Zeeman  splitting.  Fig.  l(a)~(c)  show  typical 
Q-band  EPR  spectra  for  the  negative  charged  zinc 
vacancy  (VZn),  together  wfith  the  photoinduced  spectra 
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Fig.  1.  EPR  and  photoinduced  EPR  spectra  of  the  negatively 
charged  zinc  vacancy  (VZn).  the  neutral  donor  (Vp).  and  the 
anti-site  center  GcZn  in  as-grown  and  annealed  ZnGeP2  in  the 
Q-band  (34.2  GHz)  at  15  K  with  the  magnetic  field  B  parallel  to 
the  directions  (a)  [00  1],  (b)  [0  1  1]  and  (c)  [100],  (By  a  small 
misorientation  of  the  sample  the  degeneracy  of  the  inner  VZn 
lines  and  of  the  Vp  lines  is  removed,  see  Fig.  1(b)). 


related  to  the  neutral  phosphorus  vacancy  (Vp)  and 
the  anti-site  center  GeZn  for  the  three  directions  of  the 
external  magnetic  field  B  parallel  to  [001],  [Oil] 
and  [1  00].  The  illumination  of  as-grown  and  annealed 
samples  with  monochromatic  light  changes  the  EPR 
signal  intensity  of  the  V/n  centers  and  generates  only 
the  EPR  spectrum  of  the  neutral  donor  Vp  for  photon 
energies  from  0.6  to  1 .5  eV.  For  photon  energies  between 
about  1.55  and  2.5  eV,  the  spectrum  of  the  anti¬ 
site  center  GeZn  is  produced  and  a  photoinduced 
enhancement  of  EPR  signal  intensities  both  of  the 
V/n  and  neutral  donor  Vp  centers  is  observed.  By 
avoiding  saturation  effects  by  corresponding  choice 
of  temperature  and  microwave  power,  we  have  deter¬ 
mined  the  dependence  of  the  EPR  signal  intensity  on 
the  photoexcitation  energy  normalized  for  a  constant 
photon  flux  for  the  three  centers  (Fig.  2).  The  presenta¬ 
tion  establishes  that  the  observed  photoinduced  quench¬ 
ing  of  the  V/n  signal  in  the  low-energy  region  (0.6- 
1  5eV)  is  always  stronger  than  the  photoinduced 
generation  of  the  Vp  signal.  For  the  higher  energy 
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Fig.  2.  Spectral  dependence  of  the  photoinduced  changes  of  the 
EPR  signal  intensities  at  15K.  The  points  (• ,  + )  represent  the 

experimental  values  for  the  negatively  charged  zinc  vacancy 
(Vzn),  the  neutral  donor  (Vp)  and  the  anti-site  center  Gezn, 
respectively.  The  corresponding  lines  are  provided  as  a  guide  to 
the  eye. 


region  (1.55-2.5  eV),  the  increase  of  the  Gezn  signal  is 
always  stronger  than  the  sum  of  the  increase  of  the 
intensities  from  the  Vzn  and  Vp  signals.  Since  all  three 
centers  are  systems  with  spin  S  =  1/2  and  both  the 
anisotropy  and  differences  between  the  g-values  are 
small,  the  changes  of  the  signal  intensity  are  directly 
proportional  to  the  number  of  recharged  centers. 

In  order  to  monitor  further  the  kinetics  and  the 
wavelength  dependence  of  this  photoinduced  effect  in 
detail,  we  fixed  the  external  magnetic  field  B  at  the 
position  of  maximum  intensity  of  the  first  derivative  of 
one  of  the  non-overlapping  EPR  lines  belonging  to  each 
one  of  the  three  centers  and  monitored  the  time 
dependence  of  the  EPR  signal  intensity  (/epr)  upon  an 
illumination  sequence  of  increasing  photon  energies. 
As  an  example,  the  photoinduced  changes  of  the 
intensity  of  the  Vzn  EPR  signal  are  shown  for  different 
photoexcitation  energies  hv  in  Fig.  3.  By  fitting  the  time 
dependence  of  /epr  by  exponential  decay  functions, 
we  have  estimated  the  saturation  value  A/Epr  of  the 
difference  between  the  photoinduced  EPR  signal 
intensity  and  /E pr  measured  prior  to  illumination  for 
the  different  photoexcitations.  The  GeJn  related  spectral 
dependence  of  A/epr  normalized  to  a  constant  photon 
flux  is  presented  in  Fig.  4(b).  In  this  energy  region  (1.55- 
2.5  eV)  identical  spectral  dependencies  are  observed 
for  the  Vz„,  Ge^n  and  Vp-related  EPR  spectra. 
This  pointed  to  the  fact  that  the  photoionization  process 
responsible  for  the  enhancement  of  the  EPR  signals 
occurs  on  the  same  localized  states  in  the  ZnGeP2 
gap  to  the  conduction  (valence)  band.  In  the  low-energy 
region  (0.6-1. 5  eV)  the  same  spectral  dependence 
for  the  decrease  of  the  Vzn  and  the  generation  of 
the  Vp  signal  is  observed.  In  the  context  of  all  the 


Fig.  3.  Time  dependence  of  the  EPR  signal  intensity  /Epr  of  the 
negatively  charged  zinc  vacancy  (Vzn)  at  T  =  15  K  for  different 
excitation  photon  energies  /?v(eV)  =  0.52  (I),  0.57  (II),  0.6  (III), 
0.65  (IV),  0.70  (V),  0.75  (VI).  The  solid  lines  are  experimental 
data  and  dashed  curves  are  exponential  fits.  The  horizontal  lines 
represent  the  saturation  values  obtained  from  the  fits.  The 
vertical  bars  give  the  A/epr  values  used  for  the  determination  of 
the  optical  cross  sections. 


photon  energy  (eV) 

Fig.  4.  Dependence  of  the  enhancement  of  the  EPR  signal 
(A/epr  as  defined  in  Fig.  3)  vs.  the  photon  energy  for  (a)  the  V? 
center,  (b)  for  the  Gezn  center,  (c)  photoinduced  generation  of 
the  Vzn  EPR  signal  in  an  electron  irradiated  sample.  The  circles 
are  experimental  values  and  the  solid  lines  are  fits  to  the  data  by 
the  extended  Lucovsky  formula,  Eq.  (1). 

observed  photoinduced  recharging  processes,  it  is 
unlikely  that  this  process  involved  the  valence  band. 
Therefore,  we  infer  that  an  electron  from  the  Vzn  center 
is  directly  transferred  to  the  positively  charged 
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phosphorus  vacancy  (Vp),  leaving  behind  the  VZn  center 
in  the  non-paramagnetic  state  VZn. 

The  ionization  energy  £(>pt  of  a  defect  involved  in  such 
PT  is  determined  by  the  spectral  dependence  of  the 
optical  cross  section,  which  must  be  determined  from  the 
photo-EPR  data.  The  different  methods  for  the  deter¬ 
mination  of  the  optical  cross  section  are  discussed  in 
Ref.  [11].  How  the  relation  between  the  A/rpr  values 
and  the  optical  cross  section  can  be  obtained  within  the 
framework  of  the  saturation  value  method  is  described 
in  detail  in  Ref.  [12].  This  method  has  the  advantage  that 
different  initial  starting  populations  of  the  center  under 
study  prior  to  each  subsequent  photoexcitation  can  be 
considered.  The  A/FPR(v)  dependence  of  the  optical  cross 
section  for  a  given  PT  is  described  by  a  system  of  kinetic 
equations  that  includes  all  excitation,  recombination 
and  captures  processes  in  the  sample.  However,  specific 
shifts  of  the  Fermi-level  in  the  initial  samples  can  be  very 
helpful  in  verifying  the  different  dominant  processes, 
and  restricting  the  latter  to  only  a  few.  Also,  the 
complexity  can  be  reduced  using  the  fact  that  the  light 
intensity  /  and  the  optical  cross  section  g  always  appear 
together  in  the  form  of  y.  =  /  x  a  in  the  kinetic  equations 
that  describe  the  photoionization  process.  Using  only 
values  from  the  linear  regime  A/PPR(v)~a  and  assuming 
that  only  one  dominant  photoionization  process  is 
responsible  for  the  decrease  or  enhancement  of  the 
studied  EPR  signal,  we  see  that  A/rPR(v)  is  directly 
proportional  to  the  corresponding  optical  cross  section 
[12].  Fitting  the  spectral  dependence  g(y)  of  the 
considered  photoexcitation  by  the  modified  Lucovsky 
formula  extended  to  account  for  the  electron-phonon 
interaction  [11] 


(/)V  -  £pp'  +  r=)h'2  (  rz\ 

(/n'  +  r.-y  \  In) 


(i) 


where  r  describes  the  effect  of  broadening  on  the  PT 
absorption  band  with  the  temperature,  the  ionization 
energy  £opt  can  be  determined,  see  Fig.  4.  For  the 
recharging  of  the  VZn.  GeZn  and  VP  centers  we 
determine  £0pt  =  1.70  +  0.03  eV  and  for  the  decrease 
of  the  VZn  and  generation  of  the  VP  signal 
=  0.64  +  0.03  eV. 

In  agreement  with  [2],  for  samples  irradiated  with 
high-energy  (2MeV)  electrons  neither  the  VZn  EPR 
signal  nor  the  VP  signal  could  be  detected  before  optical 
excitation,  if  the  samples  are  cooled  down  in  the  dark 
and  infrared  irradiation  by  black  body  emission  from 
the  resonator  walls  is  avoided.  However,  illumination 
with  infrared  light  simultaneously  generates  the  VZn- 
and  the  GeZn-related  EPR  signals.  While,  whether  in  the 
dark  nor  upon  illumination  the  signal  from  the  VP  could 
be  detected,  a  new  center  [13]  could  be  observed  with 
increasing  signal  intensity  upon  irradiation.  The  photo- 
induced  generation  of  the  VZn  signal  was  recorded 


for  different  excitation  wavelengths.  The  determined 
spectral  dependence  A/FPR  normalized  to  a  constant 
photon  flux  is  presented  in  Fig.  4c.  From  the  fitting 
procedure  described  above  the  photoionization  energy 
£opt  =  1.02±0.03eV  is  obtained.  The  observed  process 
is  interpreted  as  direct  electron  excitation  from  the 
doubly  negative  charged  zinc  vacancy  (Vz“)  to  the 
conduction  band,  connected  with  a  partial  capture  of  the 
photoinduced  electrons  by  the  GeZn  centers  recharging 
these  to  the  paramagnetic  state  GeZll. 


4.  Conclusions 

The  present  photo-EPR  study  reveals  three  photo- 
induced  recharging  levels  connected  with  native  defects 
in  the  bandgap  of  ZnGeP2-  The  zinc  vacancy  acceptor 

level  VZn .  is  established  at  £opt  =  Ec  -  1.02±0.03eV 

and  the  Ge  anti-site  donor  level  GeZn  +  J'  at 
£0pt  -  £v  +  1.70  +  0.03  eV.  The  excitation  energy 
0.64  +  0.03  eV  connected  with  the  photoinduced  decrease 
and  increase  of  the  EPR  signals  from  the  VZn  and  VPt 
respectively,  seems  to  be  caused  by  a  direct  recharging  of 
weakly  associated  defects  VZn-Vp  to  VZn-VP,\vhich 
can  be  realized  only  for  Fermi  levels  below  the  VZn“  ' 
level  at  Ec  —  1.02  +  0.03eV.  Above  this  level  position  a 
new  center  could  be  detected. 
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Abstract 

inCd  nuclear  spin-lattice  relaxation  measurements  have  been  carried  out  over  the  temperature  range  200-500  K  on 
semiconducting  crystals  of  CdF2 :  Ga  and  co-doped  CdF2 :  Ga,Y.  The  relaxation  rates  l/7’)  in  both  crystals  are  found  to 
be  enhanced  by  two  to  three  orders  of  magnitude  relative  to  undoped  CdF2.  We  attribute  this  enhanced  relaxation  to 
the  effects  of  thermally  excited  conduction  electrons.  The  rates  in  the  Y  co-doped  crystal  are  systematically  about  a 
factor  of  two  higher  than  are  found  in  CdF2.  Analysis  of  the  temperature  dependence  yields  a  value  AE  =  141  ±10 
meV  for  both  CdF2:Ga  and  CdF2:Ga,Y.  This  result  is  unexpected  in  light  of  the  value  A E-  185±10meV  found 
previously  for  CdF2:In,  and  the  expectation  that  the  binding  energies  of  the  DX-like  ground  state  of  the  trivalent 
impurity  should  lie  deeper  for  CdF2:Ga.  <f\  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  NMR;  Bistability:  DX-centers;  Tonic  semiconductors 


1.  Introduction 

Cadmium  fluoride  can  be  prepared  as  a  wide-bandgap 
(£gap  =  7.8  eV)  ionic  semiconductor  in  which  the  triva¬ 
lent  transition  metals  and  rare-earth  elements  (Sc,  Y, 
La)  act  as  conventional  shallow  donors  [1,2].  Gallium 
and  indium,  in  contrast,  form  bistable  centers,  which 
exhibit  a  variety  of  persistent  photoinduced  effects  such 
as  photorefractivity,  photoconductivity,  and  photomag¬ 
netism  [3-5].  Because  of  the  relatively  high  temperatures 
for  metastability  of  photo-induced  changes  in  these 
materials,  approaching  200  K  for  CdF2:Ga,  they  are  of 
interest  for  a  variety  of  applications,  including  optical 
data  storage. 

The  ineffective  doping,  bistability  and  metastability  of 
CdF2 :  M  (M-In.  Ga)  have  been  proposed  to  reflect 
‘negative  U,  DX  behavior’  [6-11].  In  the  deep  ground 
state  of  the  impurity,  the  active  dopants  undergo 
disproportionation  to  form  M"-M3!  pairs.  The 
doubly  occupied  (M1  ' )  impurities  are  stabilized  by  a 
local  lattice  relaxation  that  compensates  the  extra 
coulomb  repulsion  energy.  Calculations  of  Park  and 
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Chadi  [12]  suggest  that  this  can  be  accomplished  by 
movement  of  the  (M1  ! )  ion  from  a  substitutional  (Cd) 
site  toward  a  nearby  interstitial.  Because  of  the  vibronic 
barrier  associated  with  the  lattice  distortion,  optically 
excited  shallow  donor  states  are  metastable  at  suffi¬ 
ciently  low  temperatures. 

At  temperatures  well  above  the  range  of  metastability, 
conduction  electrons  are  thermally  excited  from  the  deep 
states.  The  excitation  statistics  are  those  of  the  three- 
level  system  consisting  of  the  ground  states,  thermally 
generated,  shallow  donors,  and  the  conduction  band 
states  [13].  The  number  of  conduction  electrons  at  a 
given  temperature  depends  on  both  the  binding  energy 
of  the  deep  state  (0.25  eV  for  In  and  0.7  eV  for  Ga  [12], 
and  the  binding  energy  (~0.1  eV)  of  the  shallow  donor 
[14].  The  temperature  dependence  of  the  carrier  con¬ 
centration  should  reflect  both  these  binding  energies. 

In  our  previous  nuclear  magnetic  resonance  studies 
[15,16]  of  CdF2:  In,  we  found  that  the  l,3Cd  spin-lattice 
relaxation  rate  reflects  the  concentration  of  conduction 
electrons.  Nuclei  are  relaxed  by  the  fluctuating  magnetic 
hyperfine  fields  of  carriers  and  the  temperature  depen¬ 
dence  of  the  relaxation  rate  can  be  related  to  that  of  the 
conduction  electron  density.  The  CdF2 :  In  results  are  in 
good  agreement  with  independent  determinations  of  the 
carrier  concentration  in  these  materials.  In  the  present 
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work,  we  report  first  results  for  the  113Cd  spin-lattice 
relaxation  in  crystals  of  CdF2 :  Ga  and  CdF2 :  Ga,Y.  Co¬ 
doping  with  Y  is  known  to  increase  the  numbers  of 
active  dopants  [17]. 


2.  Experimental  methods 

The  samples  used  in  these  experiments  were  converted 
to  semiconductors  by  a  high  temperature  anneal  in  a 
reducing  atmosphere  of  cadmium  vapor.  The  details  are 
reported  elsewhere  (see,  for  example,  Ref.  [16]).  This 
process  removes  many  of  the  self-compensating  fluorine 
interstitials,  but  it  has  been  shown  that  their  removal  is 
not  complete  [18].  The  concentration  of  active  bistable 
impurities  is  therefore  less  than  the  total  chemical 
concentration  of  the  dopants.  For  CdF2:Ga  crystals 
studied  in  these  experiments,  the  concentration  of  ac¬ 
tive  gallium  was  estimated  to  be  approximately 
0.7  x  1018Ga/cm3  [19]. 

The  NMR  measurements  were  carried  out  using  a 
Chemagnetics/Varian  CMX-360  spectrometer  in  a 
magnetic  field  of  8  T.  Sample  temperatures  were  varied 
using  a  temperature-regulated  gas-flow  system.  The 
spin-lattice  relaxation  times  were  determined  from  the 
rate  of  recovery  of  the  equilibrium  nuclear  magnetiza¬ 
tion  after  an  initial  inverting  radio-frequency  pulse.  The 
recovery  curves  were  fit  to  a  single  exponential  function 
characterized  by  a  time-constant  T\,  the  spin-lattice 
relaxation  time. 


3.  Experimental  results 

The  theory  of  nuclear  spin-lattice  relaxation  by 
carriers  in  a  semiconductor  yields  the  following  expres¬ 
sion  for  the  relaxation  rate  [20]: 

<» 

where  n(T )  is  the  temperature-dependent  carrier  density, 
j*F(Cd)|2  is  the  conduction  electron  probability  density 
at  the  Cd  nucleus,  and  ye  and  y113  are,  respectively,  the 
electron  and  nuclear  gyromagnetic  ratios.  Eq.  (1)  pre¬ 
dicts  \/(TiT^2)ccn(T). 

In  Fig.  1  we  present  an  Arrhenius  plot  of  the  113Cd 
spin  lattice  relaxation  data  plotted  in  the  form 
1/(7)  F1/2)  versus  inverse  T.  Data  are  presented  for 
co-doped  CdF2:Ga,Y  and  CdF2:Ga  together  with 
our  previous  results  for  CdF2:In  [15,16].  The  tempera¬ 
ture  dependence  of  1/(7)  T1 /2)  in  each  case  can  be 
characterized  by  an  activation  energy  A E  where 
AE  =  185  +  lOmeV  for  CdF2:In  and,  within  the 
experimental  uncertainly,  the  CdF2:Ga,Y  and  the 


Fig.  1.  Arrhenius  plot  of  l/(7)7 '/2)  for  tl3Cd  in  CdF2:In 
(solid  squares),  CdF2 :  Ga  (open  circles),  and  CdF2 :  Ga,Y  (solid 
circles). 


CdF2 :  Ga  crystals  exhibit  the  same  value,  AE  = 
141±10meV. 

4.  Discussion 

Previous  work  [15,16]  has  shown  that  the  temperature 
dependence  of  1  /(7)  T^2)  is  essentially  the  same  as  that 
of  the  conduction  electron  concentration  in  CdF2:  In.  As 
noted  above,  the  activation  energy  of  1/(7)  771/2)  is  not 
reflective  of  single  excitation  energy.  Rather,  it  repre¬ 
sents  the  combined  effects  of  the  binding  energies  of  the 
deep  states  (E^  —  250  me  V  [12,13])  and  the  shallow 
donor  states  (E^ind  =  lOOmeV  [14]).  A  statistical  analy¬ 
sis  [13]  indicates  that  the  conduction  electron  concen¬ 
tration  increases  with  temperature  with  an  average 
value  A£=195meV.  This  agrees  well  with  the 
observed  variation  of  1/(7) T J/2),  a  result  that  is 
completely  consistent  with  our  expectation  that  the 
113Cd  spin-lattice  relaxation  is  governed  by  inter¬ 
actions  with  conduction  electrons  as  expressed  by 
Eq.  (1). 

Measurements  [16]  of  the  19F  spin-lattice  relaxation 
rates  in  CdF2:In  provide  further  support  for  the  DX 
model  and  the  above  binding  energies  in  this  system.  19F 
spin-lattice  relaxation  is  dominated  by  interactions  with 
paramagnetic  shallow  donor  states,  rather  than  conduc¬ 
tion  electrons.  The  observed  temperature  dependence  of 
\/T\  for  19F  (A£  =  70 +10  me V)  is  in  good  agreement 
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with  the  model  prediction  [13]  (A E  =  74meV)  for  the 
concentration  of  shallow  donors. 

Previous  work  suggests  that  the  deep  state  in 
CdF2:Ga  is  more  strongly  bound  than  in  CdF2:In. 
Park  and  Chadi’s  calculation  gives  £jjind  =  700  me V  for 
the  binding  energy  of  this  state.  Since  the  binding  energy 
of  the  shallow  donor  is  expected  to  approximately 
lOOmeV  in  both  CdF2:In  and  CdF2:Ga,  we  might 
expect  to  find  a  larger  value  of  A E  for  CdF2:Ga.  It  is 
clear  from  the  data  in  Fig.  1  that  this  is  not  the  case. 

The  mCd  spin-lattice  relaxation  data  in  CdF2:Ga 
imply  that  the  deep  states  do  not  play  a  role  in  the 
statistics  of  the  carriers  found  in  the  bulk  of  the  material. 
The  conduction  electrons  appear  to  be  thermally  excited 
from  shallower  states  than  previously  believed.  At  the 
present  time,  we  do  not  know  the  identity  of  these  states. 
Further  studies,  including  l9F  relaxation  rate  measure¬ 
ments,  are  planned  in  hopes  of  resolving  the  energetics 
of  the  CdF2 :  Ga  system. 
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Abstract 

Calculations  of  mobility  of  charge  carriers  in  semiconductors  are  based  on  some  theoretical  approaches  and  models 
widely  used  for  a  long  time.  In  the  present  work,  three  main  approaches  to  this  problem,  the  Born  approximation  as 
well  as  the  approximation  of  isolated  scattering  centers  and  potential  scattering  are  considered  to  deduce  the  criteria  of 
their  validity  in  an  analytical  form  convenient  for  practical  purposes.  A  comparison  between  the  calculated  and 
experimental  data  has  shown  that  the  adequate  theoretical  description  is  rather  sensitive  to  a  slight  violation  of 
the  criterion  of  isolated  scattering  centers,  in  contrast  to  other  approximations  with  lesser  sensitivity  to  their  breaking. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  theory  of  scattering  of  charge  carriers  due  to 
lattice  vibrations  and  impurity  centers  in  semi¬ 
conductors  has  been  developed  in  great  detail,  so 
the  Hall  and  drift  mobility  of  charge  carriers  in 
practically  important  materials  can  be  calculated 
in  wide  regions  of  impurity  concentrations  and 
temperature;  see  for  instance  Refs.  [1-3].  However,  in 
many  handbooks,  a  variety  of  empirical  formulae 
for  mobility  calculations  is  still  in  use  [4,5],  since 
in  the  presence  of  several  scattering  mechanisms 
theoretical  consideration  of  the  resultant  mobility  of 
charge  carriers  becomes  rather  complicated.  Up  to 
now,  a  thorough  analysis  of  the  validity  limits  of 
the  theoretical  approaches  and  models  adopted  are 
lacking. 

The  purpose  of  the  present  work  is  to  derive  the 
validity  limits  for  the  main  approaches  in  an  analytical 
form. 


♦Fax:  +7-95-552-07-03. 

E-mail  address:  cleanair@cityline.ru  (V.V.  Mikhnovich  Jr.). 


2.  Theoretical  aspects  of  the  problem 

In  general,  several  principal  scattering  mechanisms 
are  usually  taken  into  consideration  when  calculating 
the  mobility  of  charge  carriers  in  semiconductors:  (i) 
scattering  by  acoustic  phonons,  (ii)  scattering  by  optical 
phonons,  (iii)  scattering  by  charged  centers,  and  (iv) 
scattering  by  neutral  centers. 

Let  us  first  discuss  a  simple  case  of  silicon.  Then,  we 
will  show  how  a  more  complicated  case  of  semiconduc¬ 
tor  compounds  like  n-GaN  can  be  treated,  too. 

2.1.  Silicon 

It  is  well  known  that  the  scattering  of  charge  carriers 
by  acoustic-mode  lattice  vibrations  is  dominant  over 
that  by  optical  phonons  at  temperatures  T 

T<hco0  pt/^B.  (1) 

Here,  k B  and  h  are  the  Boltzmann  and  Planck  constants, 
respectively;  coopt  is  the  frequency  of  optical  phonons 
(hoo 0pt  =  0.063  eV  [6]).  In  the  subsequent  discussion,  the 
temperature  interval  of  interest  runs  from  cryogenic 
temperatures  up  to  room  temperature,  so  based  on 
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condition  (I)  one  can  neglect  the  contribution  of  optical 
phonons  to  the  scattering  of  charge  carriers. 

The  next  approximation  used  in  calculations  requires 
that  the  condition 

(2) 

is  also  satisfied,  the  so-called  potential  scattering.  Here, 
4rr  =  [/(7 1  +  /ph1]-1,  /o  and  /ph  are  the  free  paths  of  charge 
carriers  relative  to  the  scattering  by  neutral  centers  and 
acoustic  phonons,  respectively:  r()  is  the  effective  radius 
of  potential  scattering  by  a  charged  center.  Under 
condition  (2).  all  the  scattering  mechanisms  mentioned 
above  can  be  treated  independently.  Owing  to  this,  the 
resultant  momentum  relaxation  time  t  of  charge  carriers 
is  given  by 


where  k  is  the  wave  number.  Under  such  conditions 
Tj(£)  can  be  given  by  the  Brooks-Herring  expression: 

Ti  (E)  =  V2m*4Eir-/Z2e4nNi<P(y),  (5) 

where  Ze  is  the  charge  of  ionized  centers:  A’’,  is  the 
concentration  of  charged  centers: 

<£(r)  =  In  (1  +  r)  -  y/(l  +  v)  and  v  =  C2Arrn)2. 

It  can  be  demonstrated  that  conditions  (l)-(4)  which 
are,  in  fact,  the  criteria  for  validity  of  the  approxima¬ 
tions  can  be  given  in  the  form  convenient  for  practical 
purposes: 


where  tj,  to,  and  rph  are  the  relaxation  times  relative  to 
scattering  by  ionized  centers,  neutral  centers,  and 
acoustic  phonons,  respectively.  The  fulfillment  of  con¬ 
dition  (2)  allows  the  introduction  of  the  cross-section  of 
charge  carrier  scattering  by  ionized  centers  for  calcula¬ 
tions  of  T. 

Another  important  approximation  in  mobility  calcu¬ 
lations  is  the  scattering  by  isolated  charged  and  neutral 
centers.  The  concentrations  of  relevant  centers  must  be 
not  too  high,  so  that  the  conditions 

ti>Tc,  r0>rc,  (3) 

were  satisfied.  Here  rc  is  the  time  of  collision  of  a  charge 
carrier  with  a  charged  center  and  it  is  about  h/k^T  [2]. 

The  expressions  for  the  drift  and  Hall  mobilities  have 
the  form: 


«  <T-> 

Pu  =TTT 

/»*  <T> 


for  a  parabolic  band. 

The  energy-dependent  relaxation  times  for  the  scatter¬ 
ing  by  acoustic  phonons  iph  and  neutral  centers  t()  can 
be  given  in  the  following  form  [6]: 


x  —  9npr2h* E  ] :  _  m  *  2e2 

Tpl'  Hk„T)  T"  ~~  20c,h }N„' 

Here  p  is  the  crystal  density,  r0  is  the  averaged  velocity 
of  sound.  E\  is  the  deformation  potential,  £(,  is  the 
crystal  permittivity,  m*  is  the  effective  mass  of  charge 
carriers,  e  is  the  electron  charge,  and  N{)  is  the 
concentration  of  neutral  centers. 

For  the  description  of  scattering  by  charged  centers, 
the  Born  approximation  is  widely  used.  In  this 
approach,  one  takes  into  account  only  the  charge 
carriers  whose  energy  E  is  greater  than  the  effective 
Bohr  energy  £Bohr  (£Bohr  ^0.01  eV)  [2],  i.e. 

£>£Bohr  for  kru>\,  (4) 


1.4x  1019 


In  [0.46 x  102°  (7/r„)2(/H*/in«) (l//i)] 


50  K  <  £  <730  K,  (6) 

where  n  is  the  concentration  of  charge  carriers  in  the 
conduction  or  valence  band.  m,»  is  the  free  electron  mass, 
and  To  =  300  K. 

Criteria  (6)  are  deduced  taking  p  —  2.3g/cm3  [7], 
Vo  =  6  x  1 05 cm/s  [7],  =11.8  [71  £,  =  lOeV,  m*  = 

0.2 6nio  and  0.38/uo  for  electrons  and  holes,  respectively 
[2],  and  Z  =  1  for  group-III  and  V  impurities. 


2.2.  Gallium  nitride 


In  this  case,  to  the  scattering  mechanisms  given  above 
one  should  also  add  the  piezoelectric-potential  scattering 
of  charge  carriers  by  acoustic  phonons  as  wrell  as  the 
scattering  by  optical  phonons,  deformation  and  polar 
ones.  The  energy-dependent  relaxation  times  for  the 
piezoelectric  potential  scattering,  rpo,  and  the  scattering 
by  polar  optical  phonons,  tpo|,  are  determined  by  the 
following  equations  [6): 

__  2\/2nh2i:oE]‘2 

V  ~  (Pcfiir'-HKvF) 

1  (tuo  ont\ 

Tpo'  _  2^^eXp  \J^T  )  f0r 
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Here,  P 2  is  the  piezoelectric  coupling  coefficient  and 
a  is  the  Frohlich  constant;  other  symbols  have 
their  usual  meaning  given  in  Section  2.1.  P 2  and 
a  can  be  expressed  in  terms  of  other  crystal 
constants: 


-] 


=  £. 


-  £ 


-l 
0  ’ 


where  Ep  is  the  piezoelectric  constant  and  is  the  high 
frequence  permittivity.  In  a  way  similar  to  that  used  for 
silicon,  the  criteria  for  validity  of  the  approximation 
applied  can  be  written  in  the  form: 


n,/2>  0.7 xlO9 


1  + 


3/2 


3/2 


exp 


~^rJy 


50K^T<1065K.  (7) 

The  criteria  (7)  are  identical  to  the  criteria  (6). 

Criteria  (7)  are  deduced  taking  p  =  6.1g/cm3  [5], 
i?o  =  4.33  x  1 05  cm/s  [5],  so  =  10  [8],  hcoopt  =  0.092  eV  [5], 
Ep  =  0.56  x  10-4  C/cm2  [5],  sx  =  5.5  [8],  P2  =  1.8x 
10“\  a  =  0.87  (i m*/m0)l/ 2  and  Z  =  1.  The  effective  mass 
of  electrons  in  n-GaN  is  taken  m*  =  0.22mo.  The 
deformation  potential  E \  is  assumed  to  be  close  to 
lOeV;  cf.  Ei  =  7.8  [5]  and  9.2  eV  [9]. 


3.  Comparison  between  calculated  and  experimental  data 

As  an  illustration,  in  Fig.  la  comparison  between  the 
experimental  and  calculated  mobilities  of  electrons  in  a 
sample  of  Si  doped  with  As  is  given.  The  experimental 
data  on  the  electron  concentration  and  mobility  were 
taken  from  Ref.  [10].  The  concentration  of  ionized 
impurity  centers  is  equal  to  N{(T)  =  2N\  +  n(T)  where 
Na  is  the  total  concentration  of  compensating  acceptors. 
As  is  seen  from  Fig.  1,  there  is  a  satisfactory  agreement 
between  the  calculated  and  experimental  curves  of 
j uh(jT).  It  is  interesting  to  note  that  the  criteria  for  the 
validity  of  the  Born  approximation  are  not  met 
throughout  the  entire  temperature  range;  see 
Eqs.  (6)4,5.  It  means  that  the  Born  approximation 
appears  to  be  valid  beyond  the  strict  limits  given  by 
these  equations.  However,  analysis  of  the  calculated 
mobilities  of  charged  carriers  in  n-Si  and  p-Si  over  a 
wide  range  of  concentrations  of  ionized  centers 
showed  that  even  a  slight  violation  of  the  criteria 
expressed  by  Eqs.  (6)1,2,  associated  with  the  approxima- 


Fig.  1.  The  electron  Hall  mobility  in  n-Si  as  a  function  of 
temperature  for  iVA  =  5x  1015cm-3.  1 — experimental  curve; 
2 — calculated  curve. 


T,  K 


Fig.  2.  The  electron  Hall  mobility  in  n-GaN  as  a  function  of 
temperature.  1 — experimental  curve  [11];  2— calculated  curve. 


tion  of  isolated  charged  centers,  results  in  misfitting 
calculated  and  experimental  curves.  At  concentrations 
of  ionized  centers  in  Si  lower  than  1014cm-3  the 
criterion  for  the  validity  of  potential  scattering  is 
broken;  see  Eq.  (6)3.  However,  at  such  low  concentra¬ 
tions  of  scattering  centers  the  mobility  of  charge 
carriers  is  mainly  determined  by  the  scattering  due  to 
acoustic  phonons. 

Similar  conclusions  can  be  drawn  from  calculations  of 
the  electron  mobility  in  n-GaN;  see  Fig.  2.  It  can  be 
shown  that  at  /Vi^l017cm-3  the  criterion  given  by 
Eq.  (7)  is  broken  and  the  approximation  of  isolated 
charged  centers  is  not  valid  any  longer.  As  a  conse¬ 
quence,  the  calculated  mobility  juh(T)  does  not  fit  the 
experimental  one. 
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4.  Conclusions 

In  the  present  work,  the  main  approximations  used  in 
the  calculations  of  mobility  of  charge  carriers  in  Si  and 
GaN  have  been  analyzed.  The  criteria  for  validity  of  the 
approximations  of  potential  scattering  by  isolated 
ionized  centers  as  well  as  Born  approximation  are  given 
in  an  analytical  form  which  is  convenient  for  practical 
purposes.  It  has  been  shown  that  mobility  calculations 
are  sensitive  even  to  a  slight  violation  of  the  approxima¬ 
tion  of  isolated  charged  centers.  In  contrast,  the  Born 
approximation  appears  to  be  valid  beyond  the  strict 
limits  of  its  validity. 
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Abstract 

Ab  initio  calculations  on  hydrogen  complexes  with  Mg  and  Be  impurities  in  c-BN  are  reported.  We  find  that  both 
impurities  are  acceptors  and  bind  H  to  form  passive  defects.  However,  their  structures  are  different.  For  Be-H,  the  H 
atom  lies  at  a  puckered  bond  centre  configuration  similar  to  C-H  in  GaAs,  while  in  Mg-H  the  H  atom  lies  at  an  anti- 
bonding  site  to  an  N  neighbour  of  the  impurity.  The  hydrogen  related  vibrational  modes  of  the  two  complexes  are  also 
reported.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  BN;  Hydrogen;  Magnesium;  Beryllium 


1.  Introduction 

Boron  nitride’s  gap  of  6.4  eV  makes  it  the  largest  band 
gap  in  the  nitride  family.  Although  it  has  a  very  large 
gap  it  still  shares  many  common  properties  with  AIN 
and  GaN.  It  has  extreme  hardness,  high  melting  point, 
high  thermal  conductivity,  low  dielectric  constant  and  is 
chemically  inert.  The  zincblende  phase  is  stable  under 
high  temperature  and  high  pressure  and  is  easily  doped 
with  Be  and  Mg  [1,2].  The  relative  ease  of  doping  has 
made  p-n  junction  diodes  possible.  The  most  efficient 
dopants  used  are  beryllium  and  silicon  for  p-  and  n- 
types.  The  ionisation  energies  of  Be  and  Si  have  been 
given  as  0.23  and  0.24  eV  [2].  However,  the  Be  ( —  /0) 
level  varies  with  temperature,  pressure  and  concentra¬ 
tion.  Values  of  0.24,  0.31  and  0.35  eV  at  7.7GPa  and 
2100°C  for  Be  concentrations  of  2900,  4500  and  1700 
ppp,  respectively,  have  been  reported  [3]. 
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Hydrogen  is  a  common  contaminant  in  almost  all 
growth  techniques,  due  to  its  presence  in  the  majority  of 
growth  conditions,  its  high  solubility  and  diffusibility. 
The  existing  hydrogen  in  as-grown  material  can  form 
passive  complexes  with  defects  already  present.  It  also 
can  “tie  off”  dangling  bonds  on  grain  boundaries  or 
dislocations.  An  example  of  this  was  the  successful  p- 
doping  of  GaN  achieved  with  Mg.  It  is  necessary  to 
anneal  the  material  grown  by  VPE,  in  order  to  eliminate 
hydrogen  which  forms  passive  complexes  with  Mg. 
Considering  these  aspects,  we  may  expect  hydrogen  to 
passivate  dopants  in  BN  as  it  does  in  many  other 
semiconductors  [4-6]. 

In  Si  and  GaAs,  hydrogen  lies  at  a  bond  centre  near 
the  acceptor  [7].  However,  in  GaN,  hydrogen  lies  at  an 
anti-bonding  site  to  a  nitrogen  neighbour  of  Be,  which 
raises  a  question  about  the  preferred  site  for  H  in  BN. 
Park  and  Chadi  [8]  demonstrated,  using  a  first-principles 
LDA  method  in  a  32  atom  super-cell,  that  Be  lies  at  a  B 
site  in  c-BN  and  is  an  acceptor.  A  full-potential  linear 
augmented  plane-wave  study  [9]  showed  an  outward 
displacement  of  3%  for  the  nitrogen  neighbours.  It 
also  showed  the  existence  of  a  (— /0)  level  to  be  at  Ev  4- 
0.4  eV.  Nevertheless,  theoretical  studies  on  the 
properties  of  hydrogen  in  BN  are  scarce.  An  ab  initio 
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Hartree-Fock  study  concluded  that  neutral  hydrogen 
prefers  a  bond-centred  position  in  c-BN  [10],  while  a 
local  density-tight-binding  method  [11]  found  H(*  to  be 
located  on  the  centre  of  a  rhombus  formed  by  two 
neighbouring  B-N  bonds. 

In  view  of  these  contradictory  results,  we  have 
investigated  the  location  of  H  in  c-BN  doped  with  Be 
and  Mg. 


2.  Method 

All  results  achieved  in  this  paper  have  been  found 
using  a  first-principle  density  functional  method  employ¬ 
ing  Gaussian  orbitals  (AIMPRO).  Details  of  the  method 
have  been  given  previously  [12.13].  64  atom  super-cells 
were  used,  together  with  a  2}  Monkhorst-Pack  Brillouin 
sampling  scheme  [14].  The  Fourier  expansion  of  the 
charge  density  was  performed  with  energy  cut-offs  up  to 
100  Ry.  Both  the  cut-off  energy  and  the  sampling 
scheme  were  checked  to  guaranty  convergence  of 
structure  and  total  energy.  Local  vibrational  modes 
(LVM)  of  defects  were  evaluated  from  the  energy  second 
derivatives  between  the  neighbouring  atoms  of  the 
defect.  A  Musgrave-Pople  interatomic  potential  describ¬ 
ing  the  bulk  was  first  derived  by  fitting  to  a  set  of  energy 
double  derivatives  for  c-BN.  These  potentials  could  then 
be  used  to  evaluate  the  entries  to  the  dynamical  matrix 
for  host  atoms  surrounding  a  defect. 


3.  Results 

The  calculations  of  basic  material  properties  such  as 
lattice  parameter,  bulk  modulus  and  its  pressure 
derivative  for  c-BN,  are  presented  in  Table  1.  These 
were  found  by  using  a  fit  to  the  Birch-Murnaghan 
equation  of  state  [15].  The  error  in  the  calculated  lattice 
parameter  is  about  1%.  The  second  derivatives  of  the 
energy,  with  respect  to  atomic  positions,  were  used  to 
find  a  Musgrave-Pople  interatomic  potential  between  B 
and  N  [17].  This  potential  gave  an  optic  phonon 
frequency  at  T  of  1350  cm”1,  close  to  the  experimental 
value  of  1305  cm”1  [18].  However,  the  short  range 
potential  does  not  lead  to  a  splitting  of  the  LO  and  TO 
modes.  Experimentally,  the  LO  mode  is  at  1066  cm'1. 


Table  1 

Lattice  constant.  r/„.  bulk  modulus.  B.  and  its  first  pressure 
derivative.  & 


(h  (A) 

B  (GPa) 

B' 

Calc. 

3.584 

396 

3.84 

Exper.  [16] 

3.616 

369-400 

4.0 

Table  2 

Musgrave  -Pople  potential  for  BN,  eV/A\  r»  =  1.5503  A 


Atom 

kr 

ko 

krn  kn 

kfiii 

B 

16.161572 

-0.315638 

-0.319521  4.708087 

-3.244078 

N 

16.161572 

0.833029 

-1.131736  6.081233 

-3.776663 

O  I  I  pos. 

Fig.  I.  Configurations  investigated  for  a  hydrogen  atom 
passivating  Be  and  Mg  in  c-BN. 


The  second  derivatives  of  the  energy  between  these  inner 
8  atoms  of  a  64  atom  cell  were  evaluated  and  fitted  to  the 
derivatives  of  a  Musgrave-Pople  potential  where  the 
potential  for  atom  /  is 

Vi  =  l/4£  +  rjl  £  p(A0p 

J  Pk 

+  'o  OAr,,  +  Ar,/.)A0/,*  +  A'J'.’A/V/Ar,* 

i<  7  k  ) 

+  ;o  y, 

/  k  i 

Here.  A  /■/,-  and  A  0,-,*  represent  the  variations  in  the  length 
of  the  /-/  bond  and  angle,  between  the  i-j  and  i-k  bond, 
respectively.  Only  the  nearest  neighbours  are  considered 
for  the  sum.  Table  2  gives  the  coefficients  k[i],  Arj/1, 

*r! ■  and  C 

The  introduction  of  either  Be  or  Mg  at  the  boron  site 
leads  to  an  outward  breathing  displacement  of  4.7%  and 
14.1%,  respectively,  in  the  N  nearest  neighbours.  These 
values  become  4.9%  and  14.9%  for  the  negatively 
charged  complexes.  We  then  studied  the  structure  and 
vibrational  modes  of  the  Be-H  and  Mg-H  complexes. 
Seven  possible  sites  (Fig.  1)  for  H  were  investigated  to 
ascertain  the  most  stable  defect.  These  include  the  bond 
centre  (C),  an  anti-bonding  site  to  the  impurity  or  host 
atom  (A,  F),  puckered  bond  centre  sites  (B,  D).  a  site 
between  two  N  neighbours  (E)  and  a  remote  bond  centre 
site  (G).  The  relative  energies  for  the  fully  relaxed  Be-H 
and  Mg-H  defects  are  listed  in  Table  3.  For  Be-H.  the 
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Table  3 


Relative  energies  (eV)  for  the  seven  hydrogen  sites  investigated 
and  shown  in  Fig.  2 


H  sites 

Mg-H 

Be-H 

A 

2.008 

1.326 

B 

0.230 

0 

C 

0.368 

0.167 

D 

0.154 

E 

=4>  F 

=*  B 

F 

0 

0.512 

G 

=>  D  =►  C 

=>■  D 

Pure  Be-  Be-H  Mg-  Mg-H 


Fig.  2.  Kohn-Sham  levels  for  BN,  Be  ,  Mg  ,  Be-H,  Mg-H 
defects. 


lowest  energy  configuration  corresponds  to  the  puckered 
bond  centre  B,  shown  in  Figs.  1  and  3,  and  is  similar  to  a 
configuration  found  previously  for  hydrogen  [10].  H  is 
bonded  to  Be  and  an  N  neighbour,  with  a  Be-N-H 
angle  of  44°.  The  N-H,  Be-H  bond  lengths  are  1.07  and 
1.45  A,  respectively.  The  Be-N  bond  is  increased  by 
17%  relative  to  that  in  the  Be  acceptor.  The  binding 
energy  of  H  to  Be  was  estimated  to  be  1 .45  eV  from  the 
difference  in  energies  of  the  dissociated  and  bound 
centres  evaluated  in  the  same  super-cell. 

Reorientation  barriers  were  also  calculated.  The  most 
straightforward  reorientation  (i)  comes  from  rotating 
the  hydrogen  atom  120°  around  the  (1  1  1)  Be-N  bond 
to  which  the  hydrogen  is  attached.  This  barrier  is  only 


Be-N-H 

Fig.  3.  Reorientations  for  the  Be-N-H  complex. 


0.2  eV.  The  other  reorientation  path  (ii)  consists  of  the 
movement  of  the  hydrogen  atom,  maintaining  its  Qh 
plane,  to  an  equivalent  position.  The  barrier  for  this  is 
also  coincidently  0.2  eV.  These  two  processes  are 
exemplified  in  Fig.  3. 

The  energies  for  the  Mg-H  complexes  are  also  listed 
in  Table  3.  The  stable  configuration  corresponds  to  an  N 
anti-bonding  site  labelled  F  in  Fig.  1.  This  is  exactly  the 
same  structure  found  in  GaN.  The  N-H  and  Mg-N 
bond  lengths  are,  respectively,  1.01  and  1.79  A.  The 
binding  energy  of  1 .48  eV  H  with  Mg  was  found  as 
described  above  for  Be. 

Fig.  2  shows  the  Kohn-Sham  energy  levels  for  BN, 
BeB,Mgg,  Be-H  and  the  Mg-H  defects  in  the  64  atom 
cell  corresponding  to  k  =  (0.25,0.25,0.25).  It  is  clear 
that  Be  and  Mg  are  acceptors  and  that  the  hydro- 
gentated  centres  are  passive. 

The  calculated  H-related  vibrational  modes  are  given 
in  Table  4.  The  stretch  mode  lies  at  3315  cm-1  and  is 
similar  to  the  corresponding  Mg-H  defects  in  c-  and  w- 
GaN  [19-21].  We  also  find  a  resonant  E  wag  mode  near 
the  top  of  the  one  phonon  maxima.  This  mode  is  IR- 
active  and  in  principle  might  be  observed. 


4,  Conclusions 

The  calculations  made  show  that  substitutional  Be 
and  Mg  are  acceptors  in  cubic  BN  and  are  passivated  by 
hydrogen.  The  position  of  H  is  different  in  the  two 
defects.  In  Be-H,  the  H  atom  lies  at  a  puckered  bond 
centre  while  in  the  Mg-H  case  it  lies  at  the  anti-bonding 
site  to  an  N  neighbour.  This  difference  is  undoubtedly 
due  to  the  different  sizes  of  the  impurities.  This 
configuration  and  its  stretch  local  mode  are  similar  to 
the  corresponding  complex  in  GaN.  The  awkward 
positioning  of  the  hydrogen  atom  in  the  Be-H  case, 
together  with  its  low  reorientation  barrier,  may  prove  to 
be  as  interesting  as  the  oxygen  interstitial  in  silicon.  The 
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Table  4 

H-related  vibrational  modes,  cm"1,  for  Mg  H  and  Be  H  defects 


Mode 

IJN 

|SN 

'"BH 

"B  H 

"’BD 

"B-D 

|{IB  H 

"B-H 

lnB-D 

"B-D 

Mg-N-H 

A, 

3316 

3316 

2418 

2417 

3309 

3309 

2408 

2408 

E 

1219 

1195 

1076 

1040 

3218 

1193 

1073 

1038 

Be-N-H 

A’ 

2537 

2537 

1873 

1873 

2537 

2537 

1873 

1873 

A ' 

1958 

1957 

1466 

1465 

1958 

1957 

1465 

1464 

A" 

1223 

1218 

1196 

1195 

1214 

1207 

1181 

1180 

low  relative  energies  for  some  configurations  and  the 
application  of  stress  or  strain  on  the  crystal  may  lead  to 
different  conclusions  relative  to  the  equilibrium  struc¬ 
ture.  Caution  and  further  investigations  are  still 
necessary  for  the  full  understanding  of  these  phenom¬ 
ena. 
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Abstract 

Low-temperature  (1.8  K)  excitonic  absorption,  reflection  and  photoluminescence  spectra  of  mixed  Zn(P]_YAsA)2 
crystals  have  been  studied  at  x  =  0.01,  0.02,  0.03  and  0.05.  Energy  gap  and  rydbergs  of  excitonic  B,  C  and  A-series 
decrease  monotonically  with  the  increase  of  x.  Spectral  half-widths  of  absorption  n  —  1  lines  of  B  and  A-series  increase 
monotonically  with  the  increase  of  x  due  to  fluctuations  of  crystal  potential.  Emission  lines  of  excitonic  molecules  have 
been  observed  in  photoluminescence  spectra  of  Zn(Pi_YAsx)2  crystals.  Binding  energy  of  molecule  increases  with  the 
increase  of  x  due  to  the  decrease  of  the  electron-hole  mass  ratio.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Optical  spectroscopy;  Substitution  of  atoms;  Energy  gap  variation;  Exciton  and  biexciton  binding  energy  variation 


1.  Introduction 

p-ZnP2  (further  ZnP2)  and  ZnAs2  crystals  are  direct- 
gap  semiconductors,  which  are  characterized  by  the 
same  symmetry  group  C2h.  Besides  symmetry  of  lattice, 
the  similarity  of  ZnP2  and  ZnAs2  exists  in  the  structure 
of  energy  bands  and  exciton  states  as  well.  Namely,  three 
excitonic  series  are  observed  in  the  absorption  spectra  of 
these  crystals:  dipole  allowed  C-series  at  E||Z(c)  (C- 
exciton),  forbidden  B-series  at  E_LZ(c)  (B-exciton)  and 
partially  allowed  A-series  at  E\\X  (A-exciton)  polariza¬ 
tions  (see  e.g.  Refs.  [1,2]  for  ZnP2  and  Refs.  [3,4]  for 
ZnAs2).  In  the  photoluminescence  (PL)  spectra  of  these 
crystals  at  Ej|Z(c)  polarization,  a  series  of  lines  caused  by 
the  radiative  transitions  from  the  ground  n  =  1  and 
excited  n  —  2, 3  states  of  allowed  S-paraexciton  (C-series) 
is  observed  (see  e.g.  Ref.  [2]  for  p-ZnP2  and  Ref.  [4]  for 
ZnAs2).  Besides  this  emission  series,  the  so-called  B-line 
is  observed  in  the  PL  spectra  of  ZnP2  at  ElZ(c).  The  B- 
line  occurs  to  the  radiative  transitions  from  the  ground 
state  of  forbidden  S-orthoexciton  and  corresponds  to  Br 
line  of  absorption  B-series. 


*Corresponding  author.  Tel.:  +  380-44-266-4587;  fax:  +  380- 
44-266-4036. 

E-mail  address:  yes@mail.univ.kiev.ua  (O.A.  Yeshchenko). 


In  ZnP2  crystals  excitonic  molecule  (EM  or  biexciton) 
with  rather  high  binding  energy  is£ex  =  6.7  meV  = 
0.1 5£jx  exists,  where  is  the  binding  energy  of  the 
lo west-energy  B-exciton.  In  ZnP2  EMs  manifest  them¬ 
selves  in  PL  spectra  due  to  two-electron  and  two-photon 
radiative  transitions  from  the  ground  state  of  the 
molecule  [5].  The  experimental  evidences  of  existence 
of  the  EMs  in  ZnAs2  are  absent  at  present,  though  by 
theoretical  estimations  they  would  have  binding  energy 
« 1.6  meV. 

In  present  work  we  study  the  mixed  crystals  (solid 
solutions)  of  isovalent  substitution  Zn(P|_A-As.Y)2,  which, 
to  our  knowledge,  were  not  studied  earlier.  In  present 
work  the  low-temperature  (1.8  K)  optical  spectra  of 
Zn(Pi_.YAs.Y)2  crystals  have  been  studied  at  small  levels 
of  substitution  of  P  by  As:  x<0.05.  Experimental 
dependences  of  parameters  of  excitons  and  EMs  on  x 
were  obtained. 


2.  Exciton  spectra  of  Zn(Pi_*AsY)2  crystals 

Absorption,  reflection  and  luminescence  spectra  of 
Zn(Pi_.YAs.Y)2  crystals  at  x  =  0.01,  0.02,  0.03  and  0.05 
and  pure  ZnP2(x  =  0)  are  presented  in  Figs.  1-3.  The 
Zn(Pi_A  As.Y)2  crystals  are  direct-gap  semiconductors  as 
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Fig.  1.  Absorption  spectra  of  Zn(P|.  YAsv)2  crystals  at  tem¬ 
perature  1.8  K.  Observation  conditions:  q  1(1  10), 
ElZ(c)— for  crystals  with  x  =  0,  0.01,  0.02  and  0.03; 
q  1(1  00),  ElZ(c) — for  crystals  with  .v  =  0.05. 


Fig.  2.  Reflection  spectra  of  Zn(P|  YAsv)2  crystals  at  tempera¬ 
ture  1.8  K.  Observation  conditions:  q  1(1  00),  E||Z(c). 


Fig.  3.  Photoluminescencc  spectra  of  Zn(Ps  vAsv)>  crystals  at 
temperature  1.8  K. 


well  as  ZnP2.  One  can  see  from  the  figures  that  in  the 
mixed  crystals  the  same  excitonic  C,  B  and  A-series  are 
observed,  as  in  pure  ZnP2.  Let’s  note,  that  in  contrast  to 
ZnP2  crystals,  where  in  optical  spectra  the  lines  up  to 
h  =  7  for  B-series  and  to  n  =  4  for  A  and  C-series  are 
observed,  in  spectra  of  Zn(P|_  vAsv):  crystals  of  various 
thickness  excitonic  lines  only  with  n  =  1,2  are  observed. 
Probably,  this  fact  is  a  result  of  “blurring”  of  band 
edges,  which  takes  place  owing  to  fluctuations  of  crystal 
potential  and  respective  fluctuations  of  energy  gap, 
caused  by  the  statistical  distribution  of  As  atoms  at  P 
lattice  sites.  With  the  increase  of  concentration  x  the 
spectral  lines  shift  to  the  low-energy  side,  a  behaviour 
that  is  caused  by  decrease  of  energy  gap  (see  Table  1). 
This  shift  could  be  expected,  taking  into  account  the 
fact,  that  in  ZnAs2  the  energy  gap  is  0.55  eV  smaller  than 
in  ZnP2.  But  besides  the  trivial  decrease  of  E„  at  increase 
of  .v,  there  is  also  decrease  of  the  of  excitonic  series 
rydbergs  (see  Table  1).  Values  of  E g  and  rydbergs  were 
obtained  by  fitting  of  excitonic  series  by  simple 
hydrogenlike  dependence:  E(n)  =  Es  —  Ry/tr. 

Dependences  of  the  half-widths  of  absorption  n  =  1 
lines  of  B  and  A-series  were  also  studied  (see  Table  1).  It 
is  seen,  that  half-widths  of  B,  and  Arlines  increase 
monotonously  with  the  increase  of  a*.  It  is  known  that 
the  increase  of  the  half-width  of  exciton  lines  is  the  result 
of  fluctuations  of  crystal  potential  and  respective 
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Table  1 

Dependences  of  the  energy  gap,  exciton  and  biexciton  parameters  of  Zn(Pi_.YAs.v)2  crystals  on  x 


X 

(eV) 

A  E„ 
(%) 

Ryu 

(meV) 

Rye 

(meV) 

RyA 

(meV) 

Rb, 

(meV) 

T*b, 

(meV) 

tvAl 

(meV) 

Da, 

(meV) 

Eh 

^bex 

(meV) 

mc(x)/mc(0) 

(calculated) 

mh(x)/mh(  0) 
(calculated) 

0 

1.6026 

0 

44.0 

39.6 

26.5 

0.83 

0 

1.02 

0 

6.7 

0.15 

1 

1 

0.01 

1.5957 

1.3 

41.7 

37.7 

24.8 

1.01 

0.18 

1.84 

0.82 

6.8 

0.16 

0.94 

1.09 

0.02 

1.5913 

2.1 

39.5 

36.2 

22.8 

1.12 

0.29 

2.33 

1.31 

6.9 

0.17 

0.89 

1.18 

0.03 

1.5865 

2.9 

39.2 

— 

22.8 

— 

__ 

— 

— 

7.1 

0.18 

0.87 

1.41 

0.05 

1.5801 

4.1 

37.4 

33.2 

— 

1.61 

0.78 

— 

— 

7.8 

0.21 

0.82 

1.93 

fluctuations  of  Eg.  The  theory  of  the  influence  of 
fluctuations  of  composition  x  on  half-width  of  exciton 
absorption  lines  was  developed  in  Ref.  [6],  where  two 
extreme  cases  were  considered.  If  the  effective  size  of  the 
crystal  potential  fluctuation  Rd  =  h/(2MD )*^2,  where  M 
is  the  total  mass  of  exciton  and  D(x)  —  W(x)—  W( 0) 
(W{x)  is  the  half-width  of  exciton  line),  is  much  larger 
than  exciton  Bohr  radius  RD>acx  then 

<0 


where  a  =  dise/dx,  N  is  the  concentration  of  sites  of 
lattice,  where  the  substituting  atoms  can  “sit”.  If 
RD<a cx  then 


1/2 


(2) 


The  experimental  dependences  D(x)  of  absorption  B] 
and  Arlines  in  Zn(Pi_.YAs.Y)2  crystals  were  fitted  by 
functions  (1)  and  (2).  The  experimental  points  are  badly 
fitted  both  by  an  expression  (1)  and  (2).  Let  us  estimate 
the  effective  size  of  the  crystal  potential  fluctuation  RD 
for  different  x  in  Zn(Pi_.YAs.Y)2  crystals.  Estimations 
give:  Rd  =  82  A  at  x  =  0.01,  Rd  =  62  A  at  x  =  0.02  and 
rd  =  30  A  at  x  =  0.05.  In  ZnP2  the  exciton  Bohr  radius 
is  aex  =  15  A  (for  B  and  C-excitons).  Thus,  for 
Zn(P]_.YAs.Y)2:  RD~aex,  i.e.  both  conditions  RD>aex 
and  RD<aex  are  not  fulfilled.  So,  in  studied  crystals  the 
intermediate  case  takes  place  which  is,  nevertheless, 
more  close  to  (1)  as  RD  >  aQX.  Therefore,  since  the 
intermediate  case  takes  place,  we  tried  to  fit  the 
experimental  dependences  by  the  function:  D(x)  =  (1  — 
c)D\(x)  +  c/)2(x),  which  is  the  superposition  of  func¬ 
tions  Di(x)  of  type  (1)  and  Z)2(x)  of  type  (2),  c  is  the 
weighting  factor.  We  have  obtained  that  the  super¬ 
position  function  fits  the  experimental  points  very  well. 
The  fitting  of  dependences  of  the  half-widths  of 
absorption  n  —  1  lines  of  B  and  A-series  on  x  gives:  cB  = 
0.05,  cA  —  0.32.  The  fact,  that  cA  is  considerably  larger 
than  cB,  indicates  that  for  A] -line  the  function  Z)2(x)  of 
type  (2)  makes  a  considerably  larger  contribution,  than 
for  Bi-line.  It  could  be  expected  since  the  A-exciton  has 
a  considerably  smaller  binding  energy  than  the  B- 
exciton,  and  correspondingly  larger  Bohr  radius.  Thus, 


B-exciton  is  closer  to  the  case  1  ( RD>aex )  than  A- 
exciton. 


3.  Excitonic  molecules  in  Zn(Pi_JCAsY)2  crystals 

In  PL  spectra  of  mixed  Zn(Pi_.YAs.Y)2  crystals,  as  well 
as  in  ZnP2  crystals,  there  are  Mc  and  MA  lines  (Fig.  3). 
These  lines  are  due  to  radiative  transitions  from  the 
ground  state  of  EM  to  the  ground  state  of  the  C-exciton 
(Mc-line)  and  ground  state  of  A-exciton  (MA-line).  EMs 
are  rather  well  investigated  in  pure  ZnP2.  As  well  as  in 
pure  ZnP2,  the  M -lines  demonstrate  a  square-law 
character  of  the  dependence  of  their  intensity  on 
excitation  intensity,  which  confirms  their  biexcitonic 
nature.  The  binding  energy  of  EM  can  be  determined 
from  PL  spectrum  as:  ££ex  =  2£ex  -  Ec l  -  ha>MC’  where 
Eex  is  the  energy  of  lowest  B-exciton  ground  state  (B,- 
line),  Ec\  is  the  energy  of  the  ground  state  of  allowed  C- 
exciton,  and  hcoMc  is  the  energy  of  a  photon  of  Mc-line. 
Contrary  to  rydbergs  of  excitonic  series  the  binding 
energy  of  EM  increases  with  the  increase  of  x  both  by 
absolute  value  and  in  relation  to  the  binding  energy  of 
the  lowest  B-exciton.  The  behaviour  of  is£ex  with  the 
increase  of  x  can  be  explained  as  follows.  As  known  (e.g. 
from  Ref.  [7]),  the  ratio  E^QX/E^  is  a  function  of  the 
ratio  of  electron  and  hole  masses  a  =  me/mh,  and  with 
the  decrease  of  o  the  ratio  of  binding  energies  of  EM  and 
exciton  increases.  At  substitution  of  atoms  of  one  type 
by  atoms  of  another  type  the  variation  of  parameters  of 
energy  band  structure  occurs,  in  particular  the  variation 
of  masses  of  carriers.  Since  the  dielectric  constant  has 
close  values  in  ZnP2  and  ZnAs2  crystals,  e  should  not 
vary  considerably  in  mixed  crystals.  Therefore,  the 
decrease  of  exciton  rydbergs  with  the  increase  of  x  is 
an  evidence  of  the  decrease  of  reduced  effective  mass  of 
carriers  /i.  The  reduced  mass  at  small  o  is  Since  in 

ZnP2  crystals  the  ratio  of  electron  and  hole  masses  is 
rather  small  ( a  =  0.06),  the  decrease  of  f.i(x )  reflects  the 
decrease  of  me(x).  The  dependence  mh(x)  can  be 
estimated  in  such  a  way.  Knowing  the  ratio  of  the 
reduced  masses  n(x)/fi( 0)  =  Ry(x)/Ry( 0)  and  the  ratio 
<7(x)/er(0)  (it  can  be  obtained  from  the  experimental 
dependence  [££ex/££j(x)),  one  can  calculate  the  ratios 
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mc(.v)/mc(0)  and  mu(x)/mh(0)  (see  Table  1).  With  the 
increase  of  .v  the  electron  mass  decreases,  and  the  hole 
mass  increases.  Thus,  the  increase  of  ni\x  occurs  even 
faster  than  the  decrease  of  wc.  This  behaviour  reflects 
the  fact  that  in  ZnP2  conduction  band  originate  mainly 
from  Zn  ions  and  valence  band— from  P  ions  [8]. 
Therefore,  substitution  of  P  atoms  by  As  atoms  should 
first  of  all  have  an  influence  on  parameters  of  a  valence 
band,  in  particular  on  hole  mass.  The  simultaneous 
decrease  of  mc  and  increase  of  wh  result  in  appreciable 
decrease  of  their  ratio,  and  therefore  in  the  respective 
increase  of  binding  energy  of  EM. 
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Abstract 

CdF2  crystals  doped  with  Ga  or  In  are  the  most  promising  representative  of  new  class  of  holographic  materials,  in 
which  a  photo-induced  change  in  the  density  of  bistable  (DX  center)  states  in  a  semiconductor  crystal  produces  a  local 
change  of  its  refractive  index.  Mechanism  of  holographic  gratings  decay  is  considered.  Analysis  of  the  decay  kinetics 
shows  opportunities  of  CdF2 :  Ga,  CdF2 :  In  as  materials  of  real-time  holography  with  response  times  in  the  range  of 
seconds  to  1  ms  in  CdF2 :  Ga  or  to  100  ns  or  less  in  CdF2 :  In.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Holographic  grating;  Diffraction  efficiency;  Barrier 


1.  Introduction 

Recently,  a  new  class  of  holographic  materials  was 
proposed,  in  which  a  photo-induced  change  in  the 
density  of  bistable  (DX  center)  states  in  a  semiconductor 
crystal  produces  a  local  change  of  its  refractive  index, 
(see  Ref.  [1]  and  references  therein).  The  excited 
(“shallow”  donor)  state  of  the  DX  center  has  a 
metastable  nature  being  separated  from  the  ground 
(“deep”)  state  by  a  potential  barrier  due  to  a  strong 
lattice  relaxation  in  the  latter  state.  Therefore,  photo- 
induced  gratings  in  such  crystals  are  principally  dynamic 
ones.  Here,  we  consider  two  most  promising  representa¬ 
tives  of  this  class  of  materials,  CdF2 :  Ga  and  CdF2 :  In, 
having  the  highest  barrier  ~  1  eV  among  crystals  of  this 
class  and  very  low  barrier  ~0.1  eV,  respectively  [2]. 

Conversion  of  doped  CdF2  into  semiconducting  state 
is  realized  through  an  annealing  of  as  grown  crystals  in 
reduction  atmosphere  of  Cd  vapor  (a  process  called 
additive  coloration),  upon  which  procedure  electrons 
introduced  into  the  crystal  locate  at  the  donor  levels  or 
in  the  conduction  band. 

Together  with  donor  ions,  semiconducting  CdF2 
crystals  contain  interstitial  fluorine  ions,  F“,  which  play 
a  function  of  acceptors  in  these  ionic  crystals;  they 
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effectively  decrease  the  concentration  of  donors,  i.e. 
partly  compensate  them  [3]. 

At  sufficiently  low  T ,  below  200  K  for  CdF2:Ga  and 
40  K  for  CdF2 :  In,  all  electrons  are  associated  with  M  ions 
(M  =  Ga,  In),  in  pairs,  forming  the  deep  M  centers  (M1+) 
[2].  The  photo-induced  conversion  of  bistable  M  centers 
from  the  ground  state  into  the  metastable  donor  state 
(M3+  +  ehydr,  where  ehydr  denotes  an  electron  localized  at 
the  hydrogenic  orbital),  in  accordance  with  the  reaction 

Ml+  +  M3+  4-  Av->2(M3+  +  ehydr),  (1) 

results  in  a  noticeable  change  of  the  refractive  index  of 
the  crystal,  <5 n.  This  change  creates  the  opportunity  of 
writing  phase  holograms  in  the  spectral  gap  between  the 
photo-ionization  absorption  bands  of  the  deep  and 
shallow  centers;  these  bands  are  located  in  the  ultravio¬ 
let-visible  (UV-VIS)  and  infrared  (IR)  ranges  of  the 
spectrum,  respectively  (Fig.  1).  The  refractive  index 
change  results  from  the  transition  of  tightly  bound 
electrons  of  the  deep  centers  into  the  loosely  bound 
hydrogenic  or  free  state.  Accordingly,  bn  is  proportional 
to  the  shallow  donor  concentration,  N®h  [4]. 

2.  Samples,  details  of  experiment,  and  discussion  of 
results 

Techniques  of  growing  the  crystals  and  their  conversion 
into  a  semiconducting  state  is  described  elsewhere  [4,5]. 
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Fig.  t.  Absorption  spectra  of  (a)  CdF2:  In.  (b)  CdF2:Ga,  and 
(c)  CdF: :  Ga.Y  crystals  cooled  in  the  dark  (solid  line)  and  after 
UV-VIS  illumination  (dashed  line)  at  temperature  (a)  5  and  (b, 
c)  77  K. 


Along  with  singly  doped  CdF2 :  Ga,  crystals  of 
CdF2:Ga  co-doped  with  Y  were  also  studied.  Co¬ 
doping  increases  the  concentration  of  the  optically  active 
Ga  and.  simultaneously,  significantly  improves  the 
optical  quality  of  the  crystal  [5].  Fig.  1  shows  the  spectra 
of  additively  colored  CdF2:Ga.  CdF2:Ga,Y,  at 
T  =  77  K  and  CdF2 :  In  crystals  at  T  =  5  K  as  cooled 
in  the  dark  and  after  a  strong  illumination  in  the  UV- 
VIS  band. 

The  concentration  of  electrically  and  optically  active 
impurity,  Am,  in  CdF2:Ga,  CdF2:Ga,Y,  and  CdF2:In 
crystals  under  investigation  was  0.7  x  10ls,  1.7  x  10IS, 
and  2.7  x  101Kcm  \  respectively. 

At  £>200K  for  CdF2:Ga  and  £>40K  for 
CdF2:In,  the  written  hologram  decays  due  to  conver¬ 
sion  of  the  photo-induced  shallow  centers  in  the 
antinodes  of  the  grating  into  the  deep  centers: 

2(M3-  +  *>h;dr)  +  k  T  -*  M 1  ■  +  M1-.  (2) 

This  reaction  includes  the  thermal  release  of  an 
electron  from  the  shallow  donor  center  into  the 
conduction  band,  its  transport  in  the  conduction  band, 
and  its  capture  by  another  shallow  center  with  the 
subsequent  formation  of  a  deep  center.  The  last 
stage  also  requires  thermal  activation  due  to  the  large 
lattice  relaxation  accompanying  the  deep  center  forma¬ 
tion. 

The  rate  equation,  which  describes  the  change  with 
time  of  the  shallow  donor  center  concentration  and 
includes  the  processes  of  thermal  destruction  (Eq.  (2)) 
and  formation  as  well  as  photo-induced  formation 


(Eq.  (1))  of  these  centers,  may  be  written  as 
d^,/d/  =-[<•-  (A/4)](<h):  -  (h/2)NuNl 

+  (/./4)(^,  -  A'p)  +  //l<rA'd  .  (3) 

Here,  c  and  b  are  kinetics  constants  of  the  shallow  center 
thermal  destruction  and  creation,  respectively.  Aj  and 
Ny.  are  concentration  of  the  deep  M  centers  and 
interstitial  fluorine  ions,  respectively,  I  is  the  light 
intensity,  and  a  is  the  cross-section  of  photon  absorption 
by  the  deep  centers.  Eq.  (3)  allows  one  to  find,  for  finite 
T,  the  shallow  center  concentration  in  the  dark  (/  =  0) 
or  under  illumination  of  the  crystal,  and  the  transient 
patterns. 

Without  specifying  the  details  of  the  multi-stage 
processes  of  thermal  destruction  of  the  shallow 
(Eq.  (2))  and  deep  centers,  one  may  propose  that  these 
processes  have  a  thermally  activated  nature,  i.e.  they  are 
characterized  by  activation  energies,  £^r,  £{Jar: 

c(T)  =  V)  exp(-£^r/A'£), 

b(T)  =  v2  exp(— EfJar/A'7'),  (4) 

where  vj,  v2  are  frequency  factors,  £^ir  and  £{ Jar  may  be 
considered  as  effective  heights  of  the  barriers  separating 
the  shallow  state  from  the  deep  state  and  vice  versa. 

This  pattern  of  the  shallow  center  decay  has  the 
following  appearance: 

*2,(0  =  fh~  +  -  «i)/{exp[(/  +  fn)/t]  -  1 }.  (5) 

Here,  t{)  is  an  integration  constant.  r=  \/[(c  -  b/4)  x 
(/?: -//i)]  is  a  parameter  which  describes  the  rate  of 
decay,  and  ti\,  n2  are  roots  of  the  right-hand  side  of 
Eq.  (3)  (see  Ref.  [5]).  The  n2  root  is  equal  to  the 
equilibrium  concentration  of  the  shallow  donor  centers 
in  the  dark.  It  is  shown  in  Ref.  [2]  that  at  As°h  AM  b<£c\ 
i.e. 

rsl/[f(ii2  —  /i|  )]■  (6) 

Analysis  of  decay  curves  using  Eq.  (5)  allows  one  to 
find  the  parameters  n2,  («:-/q),  and  r.  Under  the 
assumption  that  Aj.cAm  t  can  be  expressed  as  follows: 

tsM/(nm\A*).  (7) 

It  is  evident  from  Eq.  (7)  that  an  Arrhenius  plot  for  t 
allows  one  to  find  the  quantity  ^(£^r  +  £fj.(r).  Eq.  (6)  has 
a  smaller  temperature  range  of  applicability  as  com¬ 
pared  with  Eq.  (7).  A  criterion  for  its  use  is  a  weak 
dependence  of  n2  on  T,  indicating  a  low  rate  of  thermal 
decay  of  the  deep  center. 

Thus,  the  shallow  center  decay  is  described  by  the 
hyperbolic  cotangent  type  dependence  of  Eq.  (5).  This 
dependence  converts  to  a  simple  exponential  for  (r  + 
and  this  inequality  is  satisfied  either  at  the  final 
stages  of  the  decay  (large  /),  or  at  higher  temperatures 
(large  n2 ,  i.e.  small  r). 
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Fig.  2.  Temperature  dependence  of  (i)  decay  time  of  photo- 
induced  IR  absorption  (X  =  1.3  pm,  black  squares)  and  holo¬ 
graphic  gratings  written  in  CdF2 :  Ga,Y  (square  root  of  DE, 
open  circles);  the  dashed  line  is  the  result  of  a  calculation  using 
Eq.  (5)  and  (ii)  initial  DE  of  the  hologram;  the  solid  line  shows 
the  calculation  (see  [6]),  the  open  triangle  shows  the  experi¬ 
mental  value. 

Two  techniques  were  used  for  the  experimental  study 
of  the  decay  problem:  (i)  measurement  of  the  photo- 
induced  IR  absorption,  which  is  a  direct  measure  of  A^h, 
and  (ii)  measurement  of  the  diffraction  efficiency  (DE), 
rj,  of  gratings  written  in  the  crystal;  the  square  root  of 
this  quantity  is  proportional  to  N®h  for  moderate  values 
of  *<0.7  [4,5]. 

For  absorption  measurements,  the  crystals  were 
mounted  in  a  variable  temperature  cryostat  and  its 
transmissivity  at  X  =  1.3  or  1.5  pm  was  measured  as  a 
function  of  time  following  a  saturating  exposure.  For 
DE  measurements,  gratings  were  written  into  the  sample 
using  two  interfering  beams  (argon  laser,  X  =  476  nm  for 
CdF2 :  Ga,  CdF2 :  Ga,Y  and  ruby  laser,  X  =  693  nm  for 
CdF2 :  In)  and  the  DE  was  determined  versus  time  by 
comparing  the  strengths  of  the  transmitted  and  dif¬ 
fracted  beams  using  as  a  probe  an  attenuated  476  beam 
(CdF2 :  Ga,  CdF2 :  Ga,Y)  or  beam  of  helium-neon  laser, 
X  =  628  nm  (CdF2:In).  Figs.  2  and  3  show  temperature 
dependencies  of  decay  time  corresponding  to  decrease  of 
DE  down  to  0.01  of  the  initial  value  and  of  initial  DE  of 
holograms  written  in  CdF2 :  Ga,Y  and  CdF2 :  In.  Decay 
patterns  are  described  finely  by  Eq.  (5).  Analysis  of  these 
patterns  with  use  of  Eqs.  (5)-(7)  allows  one  to  find  the 
barrier  height  on  the  side  of  the  shallow  and  deep  centers 
as  follows:  CdF2 :  Ga— £j*r  -  0.95  eV,  £<Jar  =  0.73  eV; 
CdF:In— =  0.14eV,  -  0.25 eV.  Therefore,  (i) 

the  shallow-to-deep  center  conversion  (Eq.  (2))  proceeds 
with  an  overcoming  of  very  high  barrier  for  CdF2 :  Ga 
and  low  barrier  for  CdF2 :  In  and  (ii)  for  both  Ga  and  In 
an  activation  energy  of  the  deep-to-shallow  center 
conversion  practically  coincides  with  a  binding  energy 
of  the  deep  center,  which  is  0.70  eV  for  CdF2 :  Ga  and 
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Fig.  3.  Temperature  dependence  of  (i)  decay  time  of  holo¬ 
graphic  gratings  written  in  CdF2 :  In  (square  root  of  DE,  open 
circles);  the  dashed  line  is  the  result  of  a  calculation  using 
Eq.  (5)  and  (ii)  initial  DE  of  the  hologram;  the  open  triangles 
are  experimental  values,  the  solid  line  shows  a  trend. 

0.25  eV  for  CdF2 :  In  [6].  The  latter  statement  means  that 
after  thermal  ionization  of  the  deep  center,  reconstruc¬ 
tion  of  the  ionized  center  into  the  shallow  center 
proceeds  spontaneously. 
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3.  Conclusions 

The  metastable  nature  of  the  photo-induced  state  of 
the  Ga  and  In  centers  in  CdF2  crystals  allows  the 
application  of  these  crystals  as  materials  for  real-time 
holography  over  a  wide  range  of  response  times  of 
seconds  to  100  ns  or  less,  with  temperature  as  the 
controlling  parameter. 
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Abstract 

CdF2  is  the  only  highly  ionic  dielectric  crystal,  which  can  be  converted  into  n-type  semiconductor  via  doping  with 
column-III  elements  and  annealing  in  the  reduction  atmosphere.  Among  donor  impurities,  Ga  and  In  dopants  form  DX 
centers  with  the  shallow  metastable  state  and  ground  strongly  localized  state,  making  these  crystals  photochromic.  We 
studied  the  dielectric  permittivity,  fi  =  C|-u::,  of  CdF2:Ga,  CdF2:In,  and  also  non-photochromic  CdF2:Y  in  the 
microwave  range  (/^8mm)  at  low  temperatures  ( T )  down  to  1.8  K  in  the  darkness  and  after  illumination  by  the 
ultraviolet-visible  light.  Illumination  of  CdF2 :  Ga  and  CdF2 :  In  results  in  increase  of  both  the  dielectric  constant,  B\ ,  by 
Aei  =  (0.5- 1.4)  and  the  dielectric  loss  factor,  r.2,  by  about  an  order  of  magnitude.  At  T  =  1.8  K  the  low-field  dielectric 
loss  factor  in  these  crystals  and  also  in  CdF2 :  Y,  e2  =  0. 1  -0.3,  may  be  decreased  by  an  order  of  magnitude  with  increase 
of  the  microwave  field  power;  however,  e2  ceases  to  depend  on  the  field  at  T  >  4  K.  These  features  are  explained  on  the 
basis  of  Tanaka  theory  of  resonant  saturated  absorption  of  ionized  donor  pairs,  modified  here  to  cover  also  far  infrared 
range  of  spectrum.  The  study  shows,  that  maximum  available  concentration  of  neutral  donors  in  CdF2  could  never 
exceed  ~10l9cm'3  and  the  compensation  degree  be  less  than  0.5  at  any  doping  level  because  of  the  existence 
of  impurity  clusters.  These  clusters  store  an  “excessive”  impurity  and  are  “inexhaustible”  sources  of  interstitial  F  ions. 
C  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

CdF2  is  the  fluorite-type  crystal  that  can  be  converted 
into  a  semiconducting  state  via  doping  with  column-III 
elements  of  the  periodic  table  and  subsequent  annealing 
in  reducing  atmosphere  [1,2].  During  the  coloration 
process  interstitial  fluorine  ions  F  ,  which  are  charge 
compensators  of  the  surplus  +  1  charge  of  the  dopants, 
diffuse  out  of  the  volume  of  the  crystal  to  the  surface.  An 
opposite  current  of  electrons  into  its  volume  maintains 
charge  neutrality  of  the  crystal.  These  electrons  localize 
in  the  conduction  band  or  at  hydrogenic  donor  orbitals 
centered  on  the  dopant.  The  donor  state  in  CdF2  has 
a  binding  energy  of  ~  1 00  me V,  and  it  is  responsible 
for  infrared  (IR)  photo-ionization  absorption  band 
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(2,nax « 7  pm),  which  stretches  into  the  visible  range  of 
the  spectrum  [3,4].  The  room-temperature  electronic 
conductivity  of  additively  colored  CdF2  crystals  reaches 
10Q  'em However,  the  maximum  available  con¬ 
centration  of  free  electrons  does  not  exceed  ^  10I9cm“3 
[1-3]. 

Among  donor  impurities  in  CdF2,  Ga  and  In  play  a 
special  part  since  these  dopants  form  bistable  centers  in 
the  reduced  (semiconducting)  crystals.  Along  with  the 
“shallow”  hydrogenic  state,  they  also  have  a  “deep”, 
strongly  localized  two-electron  state  characterized  by 
large  lattice  relaxation  [5].  Such  large  lattice  relaxation  is 
typical  for  two-electron  metastable  centers  (DX-centers) 
in  conventional  semiconductors;  it  is  responsible  for  the 
energy  barrier  separating  the  deep  state  from  the 
metastable  substitutional  (shallow  donor)  state.  The 
barrier  height  is  ~  1  eV  for  Ga  and  less  than  0.1  eV  for 
In  [6]. 
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Table  1 

Dielectric  permittivity  of  semiconducting  CdF2  crystals  studied  with  l»8mm  low-field  microwaves  at  T  =  1.8  K 


Sample 

Total  electron 
concentration,  Nc  (cm-3) 

£j  in  the  dark 

Aei  after  illumination 

B2 

In  the  dark 

After  illumination 

CdF7 :  Ga 

7x  1017 

7.6±0.1 

0. 5  +  0.1 

0.01+0.005 

0.1  ±0.05 

CdF7 :  In 

3  x  1018 

— 

1.4 +0.4 

0.02  +  0.01 

0.1+0.05 

CdF2:Y 

2x  10'8 

— 

0. 3+0.1 

When  cooled  in  the  dark,  the  reduced  CdF2 :  Ga  and 
CdF2:In  crystals  are  semi-insulating  since  electrons 
introduced  in  the  crystals  during  the  coloration  are 
predominantly  localized  at  the  deep  MI+  centers 
(M  =  Ga,  In).  Illumination  of  the  crystals  in  the  ultra- 
violet-visible  (UV-VIS)  photo-ionization  absorption 
band  of  deep  centers  results  in  release  of  the  electron 
into  the  conduction  band  with  its  subsequent  capture  by 
an  ionized  (“empty”)  center  with  formation  of  a  neutral 
(shallow)  donor.  An  ionized  deep  center  also  sponta¬ 
neously  converts  into  the  shallow  state.  As  a  result  of 
this  “photo-decoloration  process”,  the  UV-VIS  band 
disappears  and,  instead,  an  IR  band  arises  in  the 
absorption  spectrum  of  the  crystals. 

In  this  work  we  study  the  low-temperature  complex 
permittivity  of  semiconducting  CdF2 :  Ga,  CdF2 :  In,  and 
CdF2  :  Y  crystals  in  the  microwave  range  (2«8  mm)  and 
discuss  an  important  role  of  the  ionized  donor  pairs  in 
formation  of  the  dielectric  response  of  these  crystals  in 
the  microwave  and  far  IR  (FIR)  ranges. 

2.  Samples,  experimental  technique,  and  results  of 
measurements 

Microwave  measurements  of  the  real,  £j,  and  imagin¬ 
ary,  £2,  parts  of  the  dielectric  permittivity  of  CdF2:In, 
CdF2:Ga,  and  CdF2:Y  crystals  over  the  frequency 
range  of  34.0-37.5  GHz  at  temperatures  1.8-100  K  were 
made  with  cylindrical  samples  of  diameter  2. 0-2. 5  mm 
set  in  a  cylindrical  reflex  resonator  operating  in  TE0n 
mode.  The  cavity  perturbation  technique  used  in  the 
experiments  is  based  on  measurements  of  both  the 
loaded  quality  factor  and  the  frequency  shift  of  the 
cavity  occurring  when  a  sample  is  inserted  into  the 
resonator. 

Measurements  were  made  both  in  the  dark  and  after 
illumination  of  the  samples  with  the  UV-VIS  light. 
Microwave  dielectric  properties  of  CdF2:Y  are  inde¬ 
pendent  of  its  illumination.  In  contrast,  substantial 
increase  of  complex  permittivity  was  detected  during  the 
process  of  illumination  of  photochromic  CdF2 :  Ga  and 
CdF2 :  In  crystals.  The  dielectric  permittivity  of  the 
samples  under  consideration  at  low  microwave  fields 


and  the  extreme  changes  observed  after  illumination  at 
T  —  1.8  K  are  shown  in  Table  1. 

At  T  —  1 .8  K,  a  saturation  of  the  dielectric  losses  with 
an  increase  in  microwave  power  was  observed  for  all 
semiconducting  samples  studied.  The  measured  value  of 
e2  could  be  decreased  by  about  an  order  of  magnitude 
with  an  increase  of  the  input  microwave  power  from  the 
minimum  level.  Experimental  £2(F)  dependences  for 
CdF2 :  Ga  are  shown  in  Fig.  1 . 


3.  Discussion  of  results 

We  assume  that  all  observed  phenomena  are  due  to 
resonant  absorption  of  the  nearest  pairs  of  neutral 
and  ionized  donors  that  are  called  the  “ionized  donor 
pairs”  [7]. 

Provided  that  the  nearest-neighbors  donors  are 
identical,  the  single  electron  of  the  ionized  donor  pair 
has  an  equal  probability  to  be  found  at  each  of  these 
donor  centers.  The  situation  is  analogous  to  that  for  the 
molecular  H2+  ion.  The  doubly  degenerate  ground  state 
of  such  a  system  splits  to  lower  bonding  and  excited 
anti-bonding  states  separated  by  an  energy  interval  W 
depending  on  the  distance  r0)  between  the  donors  of  the 
pair.  The  transitions  between  these  two  states  are 
observed  in  the  microwave  and  FIR  absorption  experi¬ 
ments.  Based  on  the  approach  of  Tanaka  et  al.  [7],  we 
propose  [8]  simple  analytical  expressions  for  the  micro- 
wave  and  FIR  absorption  coefficient  for  the  intermedi¬ 
ate-compensation  case  over  the  frequency  range  in 
which  the  donor-pair  theory  is  applicable. 

Photo-decolored  CdF2 :  Ga  and  CdF2 :  In  crystals  as 
well  as  CdF2 :  Y  may  be  considered  as  ordinary  n-type 
semiconductors  with  donors  partly  compensated  by  the 
interstitial  F-  ions.  The  experimental  values  of  £2  in  low 
microwave  fields  at  T  =  1.8  K  (see  Table  1),  agree  by  an 
order  of  magnitude  with  this  quantity  calculated  under 
condition  of  moderate  compensation  degree 
0.1<7£^0.9  and  reasonable  assumptions  of  the  con¬ 
centration  of  the  interstitial  F^  ions  in  these  crystals: 
Vf^2  x  1019cm-3.  It  follows  then  that  the  total 
concentration  N&  of  donors  in  CdF2 :  Y,  which  is  equal 
to  the  concentration  of  “isolated”  Y3+  ions  in  CdF2 
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Fig.  1.  E:(7>dependence  for  CdF::Ga  after  its  illumination, 
measured  with  36  GHz  microwaves.  Attenuation  of  the  input 
microwave  power:  (a)  OdB,  (b)  7dB.  (c)15dB.  and  (d)  25 dB. 


lattice,  is  at  least  five  times  less  than  total  concentration 
of  this  impurity  in  the  crystal  ((1-3)  x  102ocm  3),  that  is 
more  than  80%  of  Y3  ions  are  bound  into  clusters. 
Similar  reasoning  shows  that  more  than  70%  of  In  and 
30%  of  Ga  ions  are  bound  into  clusters  and  do  not 
participate  in  microwave  and  FIR  resonant  absorption. 
By  analogy  with  Ca.  Sr,  and  Ba  fluorides  one  may 
assume  for  CdF2  a  limiting  concentration  of 
~  102ocm “3  of  RE  and  Y  ions  which  can  be  introduced 
into  CdF2  as  statistically  distributed  substitution  cen¬ 
ters.  The  “redundant”  impurities,  whose  solubility  in 
CdF2  reaches  10mol%  and  above,  form  impurity- 
fluorine  dusters  which  are  readily  observed  in  the 
optical  spectra  of  RE  ions  in  all  the  fluorite-type  crystals 

[9-H]. 

Further  limit  on  K  value  was  found  by  studying 
CdF2:Ga  and  CdF2:In  crystals  during  their  deep-to- 
shallow  center  conversion.  The  experimentally  found 
monotonic  increase  of  the  dielectric  loss  factor  and  the 
dielectric  constant  under  illumination  of  the  photo- 
chromic  crystals  testify  clearly  to  the  fact  that  0.5  in 
the  photo-decolorated  crystals. 

Eisenberger  et  al.  [12]  observed  a  FIR  absorption 
band  (10-1 50cm1)  in  semiconducting  CdF2.  Our 
calculations  of  FIR  absorption  for  the  degree  of 
compensation  0.5  <^<0.9  (see  Fig.  2(c-e))  agree  well 
with  their  experimental  spectra  [12],  both  by  shape  of  the 
band  and  values  of  absorption  coefficient. 

It  is  necessary  to  define  a  source  of  the  appreciable 
increase  of  the  real  part  of  permittivity.  As,,  after 
illumination  of  the  photochromic  CdF2:Ga  and 
CdF2 :  In  crystals  (see  Table  1).  Using  the  Kramers- 
Kronig  relations,  it  is  possible  to  show,  that  the 
photoinduced  buildup  of  their  FIR  absorption  bands 
(10- 150 cm”1)  due  to  ionized  donor  pairs  could  result  in 
Aei(o;->0)~2  (for  A7C ~  1 0 1  s cm  3  and  K  =  0.5)  in 
agreement  with  the  experimental  data. 


Fig.  2.  Calculated  in  the  modified  Tanaka  et  al.  approach.  FIR 
absorption  spectra  of  CdF2  with  concentration  of  neutral 
donors,  7  x  10l7cm  \  with  Bohr  radius,  a  =  7 A  [4]  and  the 
degree  of  compensation:  (a)  K  =  0.1,  (b)  K  =  0.3,  (c)  K  =  0.5, 
(d)  K  =  0.7,  and  (e)  K  =  0.9. 


4.  Conclusions 

The  occurence  of  microwave  and  FIR  broadband 
absorption,  saturation  of  the  microwave  absorption  in 
high  electromagnetic  fields,  and  significant  increase  of 
dielectric  constant  observed  in  semiconducting  CdF2 
crystals  are  due  to  co-existence  of  neutral  and  charged 
donors,  which  form  ionized  donor  pairs.  The  change  of 
dielectric  response  upon  illumination  of  photochromic 
CdF2:Ga  and  CdF2:In  crystals  at  low  temperature  is 
caused  by  the  photo-induced  growth  in  concentration  of 
donor  electrons,  and,  consequently,  the  growth  in 
concentration  of  donor  pairs.  The  obtained  limits  on 
the  degree  of  compensation  0.5^  K ^0.9  for  typical 
semiconducting  CdF2  are  in  good  agreement  with  the 
results  of  the  EPR  study  of  Eisenberger  and  Pershan 
[13]. 

The  results  of  this  study  show  that  with  additive 
coloration  of  CdF2  doped  with  column-III  elements, 
total  chemical  reduction  of  the  impurity  and,  conse¬ 
quently,  total  removal  of  interstitial  F  ions  from 
the  crystal  lattice,  is  unachievable.  It  testifies  to  the 
presence  of  impurity-fluorine  clusters  [9-11]  in  the 
doped  CdF2,  which  might  supply  the  crystal  with 
F  ions  during  the  process  of  chemical  reduction  of 
the  impurity.  A  substantial  part  of  the  donor  impurity  is 
certainly  collected  in  clusters,  which  makes  it  impossible 
to  obtain  a  semiconducting  CdF2  crystal  with  the 
compensation  degree  less  than  0.5  and  with  concentra¬ 
tion,  of  free  or  weakly  bound  electrons  exceeding 
~  10 19  cm'3. 
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Abstract 


.™  i  r  n“  y  evaporated  m  vacuum  onto  a  substrate  whose  temperature  is  higher  than  the  superionic 

transition  point  7).  During  the  evaporation,  the  optical  absorption  spectrum  of  the  film  is  measured  as  a  function  of 
ime-elapsed  after  the  beginning  of  evaporation.  By  increasing  the  time  (i.e„  with  increasing  film  thickness),  the  shifts  of 
the  absorp  ion  edge  and  exc.ton  energy  are  observed,  which  are  due  to  exciton  or  carrier  confinement  effects  in  the 
averaged  structure  of  a-Agl.  Information  as  to  the  electronic  structure  of  the  averaged  structure  is  deduced  from 
nalyzing  the  observed  spectra.  After  stopping  evaporation,  the  film  is  gradually  cooled  down  to  131  K.  Through  the 
cooling  Process  the  absorption  spectrum  is  also  measured  as  a  function  of  temperature.  New  exciton  absorption  bands 

H-  3TZ'  t0f ther  W'th  the  Z|  2  and  Zl  excit0ns  in  the  y-Agl  The  H”  H=  and  Hr  excitons  are  assigned  to 
B.V  All  rightl'reserved  P  ^  ^ '' ligh'  °f  the  X_ray  difrraction  data,  £,  2001  Elsevier  Science 

Keywords:  Polytypism;  Averaged  structures;  Excitons;  Superionic  conductor 


I.  Introduction 

Silver  iodide  Agl  is  well  known  as  a  solid  electrolyte 
and  has  three  phases  designated  as  a,  p  and  y  at  normal 
pressure  in  the  order  of  decreasing  temperature  with  the 
following  properties  [1].  At  superionic  transition  point 
7c  (419  K),  the  superionic  conductor  a-phase  trans¬ 
forms  into  semiconductor  P-phase  (wurtzite  lattice).  The 
a-phase  has  a  body-centered  cubic  arrangement  of  I 
ion  with  highly  mobile  Ag4  ions  randomly  distributed 
through  the  equivalent  interstices,  which  has  been 
known  as  the  averaged  structure.  Extensive  attention 
has  been  paid  to  the  mechanisms  of  the  superionic 
motion  and  to  the  electron-phonon  interactions  in  the 
averaged  structure  for  many  years  [2,3].  However,  an  in 
situ  optical  study  on  the  electron  states  of  a-Agl  is 
limited  in  number  and  many  basic  problems  remain  to 
be  solved.  Moreover,  the  interest  in  Agl-based  super¬ 
ionic  conducting  glasses  and  Agl ;  metal  oxide  compo¬ 
sites  has  significantly  grown  and  extreme  conductivity 
enhancement  has  been  observed  at  room  temperature 
[4].  For  this  reason,  also,  it  is  necessary  to  clarify  the 


*Tel.:  +  81-3-5317-9733  ;  fax:  +81-3-5317-9771. 
E-mail  address:  motizuki4?  physics.chs.nihon-u.ac.jp 
(S.  Mochizuki). 


electronic  and  ionic  structures  of  a-Agl.  At  408  K.  the  P- 
phase  transforms  mostly  into  the  second  semiconductor 
y-phase  (zinc  blende  lattice)  with  a  small  amount  of  the 
P-phase  [5].  However,  at  temperatures  lower  than  Tc, 
the  effects  of  stacking  faults  and  metastable  structures 
need  to  be  pointed  out  [6].  It  is  said  that,  if  annealed 
and  aged,  the  structures  may  convert  into  the  wurtzite 
lattice.  Therefore,  in  order  to  clarify  the  details  of  such  a 
transition  between  the  wurtzite  and  zinc  blende  struc¬ 
tures,  any  measurement  must  be  carried  out  in  situ.  The 
exciton  absorption  spectrum  of  Agl  is  very  sensitive  to 
such  a  crystal  modification  and  local  structural  change 
[7,8].  While  high-temperature  a-Agl  is  cooled  down  to 
low  temperature,  it  is  useful  to  measure  spectral 
transition  in  the  exciton  absorption. 


2.  Experimental 

Vacuum  evaporation  experiments  are  carried  out 
under  a  base  pressure  of  10“4Pa.  Optically  flat-plates 
of  silica  glass,  sapphire  (R-cut)  and  MgO  (100)  are  used 
as  substrates.  The  surface  temperature  of  the  substrate  is 
monitored  with  an  alumel-chromel  thermocouple.  A 
platinum  crucible  containing  nominally  pure  Agl 
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powder  was  gradually  heated  indirectly  in  an  alumina 
crucible  on  which  a  tungsten-wire  heater  was  wound. 
The  thickness  of  Agl  film  on  the  substrate  increases  with 
time.  During  film  deposition,  the  substrate  temperature 
was  maintained  above  7c .  The  optical  density  spectrum 
of  the  film  was  measured  as  a  function  of  the  time  t$ 
elapsed  after  the  beginning  of  the  evaporation  with  an 
optical  multichannel  analyzer  system.  The  experimental 
procedure  is  almost  the  same  as  the  experiments  for 
microcrystals,  except  for  introducing  noble  gas  stream, 
which  has  been  already  reported  [9].  After  stopping  the 
evaporation,  the  film  is  gradually  cooled  down  to  131  K. 
Through  the  cooling  process,  the  absorption  spectrum 
of  the  film  was  also  measured  as  a  function  of 
temperature. 


3.  Results  and  discussion 

3.1.  Optical  absorption  of  a- Agl  film 

Fig.  1  shows  the  time  evolution  of  the  optical  density 
spectrum  of  a-Agl.  The  substrate  temperature  is  453  K. 
Although  one  time-resolved  spectrum  consists  of  suc¬ 
cessive  sixty-four  spectra  in  this  figure,  only  eight  spectra 
are  selected  and  presented  in  order  to  show  clearly  the 
time  evolution.  The  time  t&  is  indicated  in  the  plots.  The 
final  thickness  of  the  film  was  about  300  nm.  At  the 
initial  stage  of  the  evaporation,  a  kink  and  an 
absorption  edge  appear  at  about  2.8  eV  and  at  about 
2.6  eV,  respectively.  With  the  progressing  evaporation, 
the  absorptions  increase  and  the  kink  and  the  edge  shift 
to  lower  energies,  together  with  the  growth  of  an 
absorption  tail  below  2.5  eV.  In  order  to  observe  the 


Fig.  1.  Time  evolution  of  the  optical  density  spectrum  of  a-Agl 
film  on  a  silica  glass  at  453  K  during  vacuum  evaporation. 


detail,  as  shown  in  Fig.  2,  we  compared  the  spectrum 
measured  at  ^  =  48.88  s  (curve  A)  with  that  measured  at 
td  =  123.63  s  (curve  B),  by  scaling  the  curve  A,  so  that 
the  optical  density  at  3  eV  coincides  with  that  of  curve  B. 
The  curve  C  obtained  by  such  scaling  coincides  with  the 
curve  B  not  only  at  the  energy  region  between  3  and 
4eV,  but  also  at  the  lowest  photon  energy  (1.549eV). 
The  result  shows  that,  with  progressing  evaporation, 
namely,  the  increasing  film  thickness,  the  steepness  of 
the  optical  density  curve  in  the  neighborhood  of  the 
absorption  edge  decreases  and  the  absorption-edge  shifts 
from  2.57  eV  to  a  lower  energy  2.52  eV.  The  red  shift 
nature  observed  arises  from  a  decrease  in  the  quantum 
confinement  of  carriers  or  excitons  in  a-Agl  film.  We 
investigated  the  absorption  tail  below  2.5  eV  by  repla¬ 
cing  the  silica  glass  substrate  with  a  MgO  (100)  plate 
and  a  R-cut  sapphire  plate,  and  changing  the  evapora¬ 
tion  speed.  The  results  can  be  summarized  as  follows: 

(1)  With  the  increasing  evaporation  speed,  the  fabri¬ 
cated  films  become  somewhat  cloudy. 

(2)  Films  on  the  MgO-  and  sapphire  single-crystal 
substrates  do  not  show  a  prominent  tail  below 
2.5  eY. 

Therefore,  the  absorption  tail  observed  below  2.5  eV  is 
closely  connected  with  surface  roughness,  and  with 
crystalline  defects  at  the  film/substrate  interface. 


3.2.  Optical  absorption  of  Agl  film  below  Tq 

After  stopping  the  evaporation,  the  specimen  was 
gradually  cooled  to  1 3 1  K  with  an  average  cooling  rate 


Fig.  2.  Comparison  of  the  optical  density  spectra  of  Agl  film 
between  the  early  and  middle  stages  of  the  vacuum  evaporation. 
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of  0.03  K/s.  During  the  cooling  process,  the  optical 
density  spectrum  was  measured  as  a  function  of 
temperature,  at  temperature  intervals  of  5K.  Only  the 
four  spectra  are  presented  in  order  to  show  clearly  the 
temperature  dependence.  The  result  is  shown  in  Fig.  3. 
During  cooling  from  453  to  398  K,  the  optical  density 
spectrum  is  almost  independent  of  temperature.  Urbach 
rule  does  not  hold  in  a-Agl.  This  indicates  that  the 
contribution  from  the  electron-phonon  interaction 
characteristic  of  the  a-phase  counterbalances  that  from 
the  temperature-shift  of  the  band  gap  energy  due  to 
thermal  contraction  of  a-Agl.  No  remarkable  spectral 
change  was  observed  near  TV.  This  is  due  to  the 
hysteresis  of  the  superionic  conduction  transition  [8].  At 
393  K,  several  weak  exciton  absorption  peaks  and  a 
shoulder  appear  faintly  at  2.934,  2.975  (shoulder),  3.058, 
3.110,  3.766  and  3.977  eV.  On  further  cooling,  these 
absorption  peaks  become  prominent.  In  order  to  show 
the  detailed  spectral  structure,  the  spectrum  measured  at 
131  K  is  shown,  together  with  that  measured  at  453  K,  in 
Fig.  4.  The  X-ray  diffraction  (XRD)  pattern  of  the  Agl 
film  was  measured  at  room  temperature.  The  XRD 
result  shows  a  considerable  amount  of  y-Agl  and  the 
broadening  of  the  (hOI)  diffraction  lines  of  (3-AgI.  The 
broadening  arises  from  the  stacking  disorder  in  (3-AgI 
hexagonal  stacking  sequence  (ababab...),  as  pointed  out 
by  Lee  et  al.  [10],  Taking  into  account  the  X-ray 
diffraction  data,  as  indicated  in  the  figure,  the  peaks,  the 
absorption  peaks  and  the  shoulder  observed  at  2.934, 
2.975  (shoulder)  and  3.766 eV  are  assigned  to  the  Zr, 
Z:-  and  Z3-  exciton  absorptions  of  y-Agl  [7,8],  while  the 
peaks  observed  at  3.058.  3.1 10  and  3.977  eV  are  assigned 
to  the  Hi-,  H:-  and  H^-exciton  absorptions  of  some 


Fig.  3.  Optical  density  spectra  of  Agl  film  on  a  silica  glass  at 
different  temperatures  during  cooling  process. 


Fig.  4.  Optical  density  spectra  of  Agl  film  at  131  and  453  K. 


stacking-disorder-induced  polytype  structure  of  Agl. 
Quite  a  similar  exciton  absorption  due  to  the  polytype 
structure  was  found  in  Cul  film  evaporated  onto  a 
room-temperature  substrate  [7]. 

3.3.  Miscellaneous 

In  Fig.  5,  the  absorption  intensity  peak  energy  and 
photoluminescence  intensity  peak  energy  of  Agl  film  at 
9  K  are  plotted  as  a  function  of  the  substrate  tempera¬ 
ture  during  vacuum  evaporation.  The  observed  absorp¬ 
tion  and  photoluminescence  (PL)  peaks  are  due  to  the 
Z|,2  exciton.  The  PL  intensity  peak  appears  several  tens 
of  meV  lower  than  the  absorption  one,  which  indicates 
the  existence  of  shallow  exciton  traps  due  to  electron- 
phonon  interactions  or  defects.  With  the  increasing 
substrate  temperature  above  about  450  K,  the  redshift 
becomes  prominent.  Silica  glass  substrate,  which  has  an 
extremely  small  thermal  expansion  coefficient,  gives  a 
larger  shift  than  that  of  sapphire.  The  results  are 
qualitatively  explained  by  the  asymmetric  stress  at  the 
interface  coming  from  thermal  shrinking  with  different 
thermal  expansion  coefficients  between  Agl  and  sub¬ 
strate  material.  The  stress  affects  the  electronic  structure 
of  Agl  and  induces  an  additional  shift  of  the  Z\p_  exciton 
energy.  This  thermal  stress  may  be  one  of  the  candidates 
for  the  cause  of  polytype  structure  formation.  Our 
experiments  show  that  the  Hj,  H:  and  H3  absorptions 
are  not  observed  in  thick  Agl  films  which  were  produced 
by  the  vacuum  evaporation  with  a  small  evaporation 
rate.  Thinner  sample  tends  to  be  influenced  by  the 
thermal  stress  and,  therefore,  the  Hh  H:  and  H3 
absorptions  become  more  prominent.  In  addition  to 
this  stress  effect,  the  effect  of  the  deviation  from 
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by  the  stress  at  the  nanocrystal/matrix  interface  similar 
to  Cul  nanocrystals  [13]. 
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Fig.  5.  Substrate  temperature  dependence  of  the  absorption 
intensity  peak  and  PL  intensity  peak  energies  at  9K  for  the 
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stoichiometry,  Ag]Ii_,Y,  should  also  be  considered  at  a 
high  temperture  for  further  discussion. 

Effect  of  the  stacking  disorder  observed  in  film 
specimens  appears  frequently  even  in  the  absorption 
spectra  of  nanocrystal  specimens.  Nanocrystals  both  on 
a  substrate  [11]  and  in  a  matrix  [12]  show  faint 
absorption  bands  between  3.0  and  3.2 eV,  which  are  in 
the  Hi-  and  H2  exciton  energy  region.  This  indicates 
that  Agl  nanocrystals  contain  a  stacking  disorder 
induced  by  some  reconstruction  of  surface  atoms  and 
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Abstract 

Under  irradiating  with  a  CW  UV  laser  light  (2  =  325  nm)  at  room  temperature  in  vacuum  and  oxygen  gas 
atmosphere,  the  film,  microcrystals  and  powder  compacts  of  Eu203  exhibit  a  reversible  photoluminescence  (PL) 
spectral  change  between  a  red  sharp-line  structure  and  a  white  broad  one.  After  stopping  the  UV  irradiation,  the  ability 
of  the  white  PL  lasts  for  more  than  several  months  at  room  temperature  under  room  light,  in  spite  of  changes  of 
atmosphere.  The  reversible  phenomena  to  be  observed  are  interpreted  as  the  results  of  both  the  valence-number  change 
of  europium  ions  (Eu3 1  -►Eu2  f )  and  the  oxygen  vacancy  formation.  <fj>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Defect  structures:  Valence  change:  White-light  emission 


1.  Introduction 

Eu203  is  stable  in  air  and  has  five  phases  designated 
by  X,  H,  A,  B  and  C  at  atmospheric  pressure  in  order  of 
decreasing  temperature  as  follows  [lj.  At  about  2553  K. 
the  X  phase  transforms  into  the  H  phase  which 
transforms  to  the  A  phase  at  2413  K.  At  2313  K,  the  A 
phase  (hexagonal  structure:  space  group  D3d)  trans¬ 
forms  into  the  B  phase  (monoclinic  structure:  space 
group  C2h).  In  the  A  phase,  the  europium  atoms  are 
seven-coordinate  with  four  oxygen  atoms  closer  than  the 
other  three,  while,  in  the  B  phase,  the  europium  atoms 
are  six-  and  seven-coordinate.  At  about  1373  K,  the  B 
phase  transforms  into  the  C  phase  (cubic  structure: 
space  group  Tj)  in  which  the  europium  atoms  are  six- 
coordinate.  At  room  temperature,  the  present  authors 
have  recently  observed  the  reversible  UV-laser-light- 
induced  spectral  transitions  between  the  red-  and  white- 
luminescence  states  in  Eu203-powder  compacts  and 
— films  produced  by  the  radio-frequency  sputtering 
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method  [2,3].  The  interest  in  photoluminescent  materials 
showing  such  photo-induced  reversible  spectral  change 
at  room  temperature  has  significantly  grown,  because  a 
combination  of  the  reversible  phenomenon  and  the  near¬ 
field  optical  microscope  [4]  is  very  promising  when 
applied  to  high-density  optical  storage  with  nanometer 
resolution.  It  is  also  the  hope  that  we  can  find  white  PL 
material,  which  is  useful  for  the  wide-band  tunable-laser 
medium.  Very  recently,  we  have  also  observed  the 
similar  photoinduced  spectral  transition  in  Eu203  films 
produced  by  the  pulsed  laser  ablation  method  in  vacuum 
and  Eu203  microcrystal  films  produced  by  the  laser 
ablation  in  low-pressure  oxygen  gas  atmosphere. 

In  this  paper,  an  overview  of  our  results  obtained  in 
the  past  three  years  will  be  given,  together  with  a 
phenomenal  model  of  the  photoinduced  spectral  transi¬ 
tion. 


2.  Experimental 

All  specimens  were  made  from  Eu203  powder  of 
99.98%  purity.  Powder  compact  specimens  were  pre¬ 
pared  by  pressing  the  Eu203  powder  under  a  pressure  of 
0.2  GPa  for  1  h  at  room  temperature.  They  were  then 
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sintered  at  1273  K  in  air  for  24  h.  First  types  of  EU2O3 
films  were  grown  on  a  silica  glass  substrate  by  the  radio¬ 
frequency  sputtering  (RFS)  method.  They  are  named 
RFS  films.  Second-type  of  Eu203  films  were  grown  on  a 
silica  glass  substrate  by  the  pulsed  laser  ablation  (PLA) 
method  in  vacuum  of  1.33  x  10_4Pa.  They  are  named 
PLA-films.  Eu203  microcrystal-accumulated  films  were 
grown  on  a  silica  glass  substrate  by  the  PLA  method  in 
oxygen  gas  of  the  pressure  lower  than  100  Pa.  They  are 
named  PLA-MC  film.  They  are  characterized  by  the  X- 
ray  diffraction  (XRD)  method  and  the  scanning  electron 
microscopy  (SEM).  Irradiations  were  carried  out  with  a 
CW  He-Cd  laser  line  (X  -  325  nm)  with  power  densities 
between  31438  and  840000  W/m2.  The  same  He-Cd  laser 
line  excites  luminescence.  Emitted  light  is  dispersed  and 
detected  using  a  grating  spectrograph  equipped  with  a 
multichannel  photodetection  system. 


3.  Results  and  discussion 

The  XRD  analysis  of  the  produced  specimens 
indicates  that  the  powder  compact,  RFS  film,  PLA  film, 
and  PLA-MC  film  are  respectively,  the  C  phase,  the  H 
phase  [1],  a  mixture  of  predominantly  C  phase  with  a 
little  B  phase,  and  a  mixture  of  predominantly  B  phase 
with  a  little  C  phase  of  Eu203.  The  specimens  were  also 
examined  by  the  SEM.  The  powder  compacts  consist  of 
randomly  oriented  and  connected  rectangular-parallele¬ 
piped  grains,  as  shown  in  Fig.  1(a).  The  RFS-films  and 
the  PLA  ones  have  smooth  surfaces  and  are  optically 
transparent.  The  PLA-MC  films  consist  of  a  lot  of  small 
particles  whose  sizes  is  approximately  several  hundred 
nanometers  and  little  aggregates  whose  sizes  can  be 
several  thousand  nanometers,  as  shown  in  Fig.  1(b). 

Figs.  2-5  show  the  photoinduced  spectral  changes  at 
room  temperature  of  the  Eu203-powder  compact. 


Eu203-RFS  film,  Eu203-PLA  film  and  Eu203-PLA- 
MC  film,  respectively.  In  the  measurements  of  the 
powder  compact,  the  RFS  films,  the  PLA  films  and  the 
PLA-MC  films,  their  relative  sensitivities  of  the  detec¬ 
tions  are  1,  8, 170  and  34,  respectively.  Experiments  were 
carried  out  in  alphabetical  order:  (a)->(b)->(c).  Irradia¬ 
tion  time  t\v  under  a  given  atmosphere  and  the  kind  of 


Fig.  2.  Reversible  spectral  change  of  EU2O3  powder  compact. 


Fig.  3.  Reversible  spectral  change  of  Eu203  film  produce  by  the 
RF-sputtering  method. 


Fig.  1.  SEM  photographs  of  the  Eu203-powder  compact  (a)  and  Eu203-PLA-microcrystal  film  (b). 
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atmosphere  are  indicated  in  each  plot,  together  with  the 
relative  sensitivity  of  the  detection,  SD.  First,  these  as- 
produced  Eu203  specimens  are  irradiated  with  a  325  nm 
laser  line  at  room  temperature  under  oxygen  atmosphere 
of  a  pressure  1.01  x  105Pa.  Under  325  nm  excitation, 
these  specimens  show  the  red  sharp  5D<>— 7F, 
{J  —  0, 1,2*  3, 4)  emissions  [5,6].  Depending  on  the 
crystal  structure  of  the  specimens,  the  detailed  spectral 
structure  of  the  5D(,  —  7F2  emission  differs  each  other 
[7,8].  Next,  the  specimen  chamber  is  evacuated  to 
1.33xlO“4Pa.  Under  325  nm  irradiation  in  this  va¬ 
cuum,  quite  similar  photoinduced  spectral  changes  were 
observed  in  all  the  specimens.  Namely,  with  increasing 
6r,  the  (5D„-7F./  ( J  =  0, 1,2, 3,4))  emission  intensity  of 
Eu3"  ions  becomes  weak,  while  a  very  broad  emission 
band  appears  and  spreads  all  over  the  visible  light 
region.  The  wavelength  of  the  intensity  peak  of  the  white 
PL  band  observed  in  all  the  specimens  is  between  540 
and  620 nm.  Especially,  the  relative  intensity  decreases 
of  the  >D(,-+7F2  emission  of  the  powder  compact,  RFS 
film,  PLA  film  and  PLA-MC  film  are  75.3%,  15.6%, 
34.5%  and  15.4%.  respectively.  The  intensity  decrease 
indicates  the  decrease  of  number  of  Eu3 !  ion,  which  is 


Fig.  4.  Reversible  spectral  change  of  Eu:0;  film  produced  by 
the  laser  ablation  method  in  vacuum. 


Fig.  5.  Reversible  spectral  change  of  Eu:Cb  microcrystal  film 
by  the  laser  ablation  method  in  low-pressure  oxygen  gas 
atmosphere. 


due  to  photoreduction  (Eu3  +  ->  Eu2  * ).  At  this  stage, 
the  bright  white  PL  can  be  seen  with  the  naked  eye.  The 
whitening  speed  of  the  PLA  film  specimen  was  the 
highest  among  all  specimens.  In  addition,  the  wave¬ 
length  of  their  intensity  maximum  of  the  white  PL  band 
is  specimen-dependent.  The  spectral  structures  to  be 
observed  in  the  >D0->  7F2  emission  in  the  RFS  film,  PLA 
film  and  PLA-MC  film,  incidentally,  differ  from  that  for 
the  powder  compact  specimen  (C-phase  Eu2Ch)  in  wdiich 
each  Eu3 !  ion  is  surrounded  by  six  oxygen  ions.  Seven- 
coordinate  Eu3  ions  account  for  the  spectral  difference 
[2,3.7, 8]. 

Oxygen  gas  is  again  introduced  into  the  chamber.  The 
change  from  white  PL  emission  to  red  emission  can  be 
seen  with  the  naked  eye.  It  is  found  through  many 
successive  experiments  that  the  spectral  changes  as 
shown  in  these  figures  are  reversible.  Similar  experi¬ 
ments  W'ere  carried  out  by  changing  the  wavelength  of 
the  irradiating  laser  light.  For  example,  a  CW  He-Cd 
laser  (2  =  442  nm),  a  CW  Ar "  laser  (2  =  528.7,  514.5, 
501.7,  496.5,  488.0,  476.5,  472.2,  465.8,  and  457.9  nm). 
and  a  pulsed  Nd3  ‘  :  YAG  laser  (2  =  266,  354.7,  532, 
and  1064 nm)  were  used.  No  spectral  change  w-as 
observed  with  these  lasers,  which  indicates  that  the 
CW  UV  laser  light  of  the  wavelength  325  nm  is  required 
to  induce  the  spectral  change.  The  speed  of  the  spectral 
change  is  accelerated  by  increasing  the  pow?er  density  of 
the  activating  light.  The  change  to  the  white  PL  emission 
can  also  be  observed  at  low  temperatures  down  to  7  K. 
which  indicates  that  the  phenomenon  does  not  arise 
from  a  phonon-assisted  process  and  that  it  is  a  purely 
electronic  mechanism.  In  spite  of  the  changing  atmo¬ 
sphere  (for  example.  02  gas  and  air  exposures),  the  w'hite 
PL  state  lasts  for  more  than  several  months  at  room 
temperature  after  the  removal  of  the  laser  light  under 
room  light,  and  the  red  PL  state  re-appears  only  by 
irradiating  with  the  same  UV  laser  light  under  02  gas 
atmosphere  of  a  pressure  1.01  x  10s  Pa. 

Finally,  we  turn  to  the  observed  photoinduced 
spectral  change  between  the  red-  and  white  PL.  Noting 
the  result  that  the  325  nm  photons  are  essential  to  induce 
the  spectral  change.  The  325  nm  irradiation  in  vacuum 
produces  both  valence  change  (Eu3— Eu2i)  and 
oxygen  vacancies.  They  then  induce  local  structural 
relaxation  (distortion)  around  photoexcited  ions  to  form 
a  metastable  state.  A  simplified  scheme  is  drawn  in 
Fig.  6,  omitting  the  detailed  structure  of  the  4f  electronic 
states  of  Eu3  ions.  The  7F0.  MS  and  X  represent  the 
ground  state  of  Eu3 '  ions,  the  metastable  state,  and  one 
of  some  4f  excited  energy  level  of  Eu3 '  ions  or  charge- 
transfer  state,  respectively.  The  coordinate  Q  expresses 
some  local  structural  change  due  to  both  the  valence 
number  change  of  Eu3  ‘  ions  and  the  oxygen  vacancy 
formation.  The  potential  barrier  of  the  height  A E 
separates  the  metastable  state  from  the  ground  state. 
In  oxidizing  atmosphere,  the  325  nm  radiation  produces 
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Fig.  6.  Schematic  energy  diagram  of  the  photoinduced  rever¬ 
sible  spectral  change  of  Eu203. 


the  localized  excitation  of  Eu3  +  ions  and  the  deexcita¬ 
tion  of  the  photoexcited  Eu3+  ions  provides  the  red 
luminescence  due  to  the  5D0->7F7  transitions,  via  the 
nonradiative  transitions  (NR)  to  the  5L6,  5Dy 
(.7  =  3,2, 1,0)  states.  When  the  photoexcitation  is 
carried  out  in  vacuum,  the  excited  state  is  relaxed 
through  both  a  radiative  recombination  and  the  local 
structural  relaxation  to  the  metastable  state.  The  325  nm 
excitation  of  the  metastable  state  induces  both  the 
backward  transition  and  the  transition  to  the  localized 
electronic  state  (LES)  originating  from  the  Eu2  +  and 
oxygen  vacancy  formations.  Since  the  photoproduced 
metastable  state  is  extremely  stable  even  at  room 
temperature  in  oxygen,  air  and  vacuum  atmospheres 
after  stopping  325  nm  irradiation  as  described  above,  the 
potential  barrier  separating  the  ground  state  (7F0)  from 
the  MS  must  be  high  enough  to  suppress  the  thermal- 
forward  and  -backward  transitions  between  the  7F0  state 
and  MS.  The  LES  is  a  luminescence  center  strongly 
coupled  with  lattice  vibrations  and,  therefore,  gives  a 
broadband  luminescence  as  observed.  Our  PL-excitation 
spectra  measurements  on  all  the  specimens  show  that  the 
laser  wavelength  325  nm  corresponds  the  lower-energy 


edge  of  the  charge-transfer  (CT)  absorption  band 
(Eu3+  +  02_->Eu2  +  +  01  )  and  the  transition  energy 
to  higher  excited  states  of  Eu3+  ions;  for  example, 
7Fo->5L/  transitions.  Therefore,  the  CT  and  5L j  states 
are  candidates  for  the  origin  of  the  X  state.  However,  the 
observed  spectral  change  is  thought  to  be  a  surface 
phenomenon.  The  detailed  surface  electronic  structure 
should  be  clarified  for  further  discussion. 
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Abstract 

In  this  paper,  the  theory  of  dislocation  density  and  curvature  measurements  from  X-ray  rocking  curves  is  extended  to 
the  case  of  double  oxide  heteroepitaxial  CeO:(00  1)/YSZ(00  1  )/Si(0 0  I)  films  mainly  by  high-resolution  X-ray 
diffraction.  According  to  this  theory,  we  have  successfully  resolved  the  rocking  curves  of  CeO:  and  YSZ  by  two  simple 
components.  Thus,  the  dislocation  density  and  radius  of  curvature  of  each  layer  can  be  calculated  from  the  distribution 
of  the  square  of  measured  FWHM  versus  l/sin:0.  The  results  show  that  the  YSZ  layer  has  a  higher  dislocation  density 
and  a  lower  radius  of  curvature  than  CeO:.  The  high-resolution  transmission  electron  microscopy  (TEM)  image  of 
CeCb/YSZ  interface  cross-section  shows  a  high  dislocation  density  along  the  interface  with  an  average  interval 
~3.9nm.  if  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Dislocation  density;  Rocking  curve;  YSZ;  CeO: 


1.  Introduction 

In  recent  years,  the  Yttria-stabilized  Zr02  (YSZ)  and 
double  Ce02/YSZ  epitaxial  films  on  Si(00  I)  substrates 
have  attracted  much  attention  due  to  their  applications 
such  as  the  buffer  layers  in  electronic  devices  [1]  and  in 
high  Tc  superconductors  [2,3].  The  adding  of  a  YSZ 
buffer  layer  between  Ce02  and  Si(001)  is  necessary  to 
obtain  the  CeO2(00  1)/YSZ{00  1)/Si(00  I)  epitaxial 
growth  layer  [4].  However,  the  lattice  mismatches  at 
interfaces,  Ce02/YSZ  and  YSZ/Si,  (lattice  constants  of 
bulk  Ce02  is  0.541  nm,  bulk  YSZ  is  0.514nm  and  Si  is 
0.543  nm),  are  over  5.0%  and  will  lead  to  an  increase  of 
lattice  distortion,  random  strain  and  dislocation  density 
as  clarified  in  our  previous  work  [5].  The  measurement 
of  dislocation  density  in  heteroepitaxial  semiconductor 
layers  is  important  for  the  development  of  microwave 


Corresponding  author.  Fax:  +81-3-5734-3369. 
E-mail  address:  chencoffi  sim.ceram.titech.ac.jp 
(C.-H.  Chen). 


transistors  and  the  integration  of  devices  in  dissimilar 
semiconductors.  The  X-ray  rocking  curves  provide  non¬ 
destructive  measurements  of  dislocation  densities  with 
accuracy  equal  to  crystallographic  etches  or  TEM. 
Hordon  and  Averbach  have  described  the  theory  of 
full-width  at  half-maximum  (FWHM)  of  rocking  curves 
and  determined  the  dislocation  densities  of  metal  single 
crystals  of  copper  and  aluminum  [6].  On  the  basis  of  this 
theory,  Qadri  and  Dinan  calculated  the  dislocation 
densities  of  alloy  epitaxial  ZnCdTe/InSb  films  and 
which  showed  good  agreement  with  TEM  observation 
[7].  Ayers  extended  the  calculation  technique  in  GaAs/ 
Si(0  0  1 )  single  semiconductor  layers  by  the  measurement 
of  several  rocking  curves  from  different  diffraction 
planes  [8], 

In  this  paper,  the  aforementioned  theory  is  extended 
to  the  case  of  oxide  heteroepitaxial  film,  Ce02/YSZ/ 
Si(00  1),  for  the  estimation  of  dislocation  density  and 
radius  of  curvature.  The  calculated  result  by  high- 
resolution  XRD  is  also  compared  with  the  observation 
of  high-resolution  TEM. 
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2.  Experimental 

Single  YSZ  (8mol%  Y203)  and  double  Ce02/YSZ 
layers  were  prepared  by  pulsed  laser  deposition  (PLD) 
with  a  KrF  (248  nm)  excimer  laser  at  1073  K  in 
5.5xl(T4Torr  on  Si(001)  substrates  which  were 
RCA  cleaned  [9]  and  dilute  HF  (HF :  H20=  1 : 10) 
treated.  The  experimental  procedure  is  described  in 
detail  in  Ref.  [10].  The  thickness  of  the  Ce02  layer 
was  kept  at  about  78  nm  (  +  2nm)  and  that  of  the  YSZ 
layer  was  varied  from  20  to  145  nm.  Due  to  the 
measurement  of  the  precise  thickness  being  quite 
difficult,  we  used  several  techniques  for  comparison 
including  energy  dispersive  spectroscopy,  a  surface 
profile  detector  and  the  glazing  X-ray  reflectivity 
measurement  and  which  showed  good  agreement  with 
each  other  [1 1].  The  rocking  curves  from  (002),  (1  1  3), 
(0  0  4),  (2  2  4),  (1  1  5),  (0  0  6),  (3  3  5)  and  (2  2  6)  diffraction 
planes  of  Ce02  and  YSZ  were  performed  on  the 
Philips  Extended  X’Pert  Material  Research  Diffracto¬ 
meter  (MRD)  employing  a  graded  parabolic  X-ray 
mirror  and  a  four-Ge(2  2  0)-single-crystals  monochro¬ 
mator  in  the  incident  beam.  The  mirror  and  mono¬ 
chromator  produce  a  parallel  beam  with  an  angular 
divergence  less  than  0.005°  for  Cu  Ka  (/L  =  0.1541  nm). 
The  settings  of  the  generator  were  45  kV  and  40  mA  with 
a  Cu  anode. 


3.  Results  and  discussion 

According  to  the  theory  of  X-ray  rocking  curve  that 
was  described  by  Hordon  and  Averbach,  if  /3m  is  the 
measured  FWHM  of  the  rocking  curve  of  a  diffraction 
plane,  then 

Pm  =  Po  +  Pd  +/*a  +  Pi  +  Pl  +  Pn  0) 


positive  slope  (Kr)  and  an  intercept  (Ky)  with  ft^  axis  as 
defined  before.  This  suggests  that  within  those  four  K 
coefficients,  KE  and  KL  can  be  ignored  in  this  film 
system,  and  thus  we  have  to  set  both  KE  ajid  Kl  to  zero 
to  obtain  a  simple  linear  relation  for  the  estimation  of 
dislocation  density  and  radius  of  curvature. 

Fig.  1  shows  the  square  of  measured  FWHM,  ft^,  of 
Ce02  and  YSZ  rocking  curves  from  various  diffraction 
planes,  which  exhibits  a  linear  relation  with  1  / sin2  6  ■ 
The  Ka  and  K,  that  are  obtained  from  various  slopes  and 
intercepts  of  different  samples  can  be  used  to  calculate 
the  dislocation  density  and  radius  of  curvature  by 
Eqs.  (3)  and  (4)  as  below: 

K,  =  2n\n2x\l\2D,  (3) 


(4) 


(a)  1/sin20 


where  ft  and  ft  are  the  intrinsic  FWHMs  for  the  layer 
and  the  analyzing  crystals;  ft,  ft,  ft  and  ft.  are  the 
components  due  to  lattice  tilting,  local  strain,  crystal  size 
and  uniform  lattice  bending,  respectively.  The  intrinsic 
ft  and  ft/  are  usually  less  than  0.003°  [12],  thus  we  can 
ignore  these  two  parameters  here.  Then  the  equation  can 
be  re-written  as  below: 

Pm  =  Kx  +  ft  tan2  0  +  KL  .  ,  +  :  2  (2) 

sin  26  sin  9 

where  6  is  the  Bragg  angle,  X  is  X-ray  wavelength  and 
IC s  are  constants  independent  of  6  and  X  [13,14]. 

According  to  the  definition,  all  the  coefficients,  ft,  ft, 
Kl  and  ft. ,  are  positive  constants.  In  order  to  find  a 
simple  relation  between  the  measured  FWHM  and  each 
K  coefficient,  j?2.,  was  plotted  with  various  functions  of 
the  Bragg  angle  6 ,  i.e.  ft^  versus  tan2  ft  1  /sin2  26  and 
1/sin2  6 •  However,  we  can  only  find  a  linear  relation  in 
the  plot  of  j?2  versus  1/sin 2  ft  which  has  a  reliable 


Fig.  1.  Squares  of  measured  FWHMs  of  (a)  Ce02  and  (b)  YSZ 
rocking  curves  versus  1  /sin2  6. 
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where  b  is  the  burger  vector,  D  is  the  dislocation  density, 
w  is  the  X-ray  beam  width  and  r  is  the  radius  of 
curvature.  According  to  the  high-resolution  TEM 
observation,  the  burger  vector  of  misfit  dislocation  is 
1/2 a  [1  1  0]  in  both  YSZ  and  Ce02  where  the  values  are 
0.363  and  0.383  nm  for  YSZ  (a  =  0.514  nm)  and  CeO: 
(a  =  0.541  nm).  respectively. 

Fig.  2  shows  the  relationship  of  dislocation  density 
between  YSZ  and  Ce02  that  is  calculated  from  Fig.  1 . 
The  results  show  that  the  dislocation  density  of  YSZ 
(3.3  x  10ln— 6.2  x  101 1  cm  2)  is  a  function  of  that  of  Ce02 
(4.4  x  10m-4.1  x  10ncm  2).  The  dislocation  density  of 
Ce02  is  always  lower  than  that  of  YSZ  in  each  sample 
(all  points  locate  below  the  broken  line).  This  phenom¬ 
enon  might  be  caused  by  the  YSZ  layer  having  two 
interfaces,  Ce02l/YSZ  and  YSZ/Si,  containing  higher 
misfit  dislocation  density.  Besides,  the  dislocation 
density  of  YSZ  decreases  as  its  thickness  increases  with 
a  well-fitting  function  (not  shown  here),  which  can  be 
used  to  estimate  the  dislocation  density  of  different 
thicknesses.  From  this  distribution,  we  can  understand 
the  central  part  of  the  YSZ  layer  contains  fewer 
dislocations  than  its  top  and  bottom  interfaces.  In  our 
expectation,  the  dislocation  density  of  Ce02  should  be  a 
constant  as  its  constant  thickness  (~80nm).  However, 
the  dislocation  density  of  Ce02  changes  with  that  of 
YSZ  indicating  that  any  change  in  Ce02  arises  from  the 
bottom  YSZ  layer  conditions. 

Fig.  3  shows  a  lattice  image  of  CeO:/YSZ  interface 
section  ([00  1]  x  [1  1  0])  of  30  nm  thickYSZ  by  high- 
resolution  TEM.  After  being  treated  with  a  fast  Fourier 
transformation,  the  misfit  dislocations  around  the 
interface  can  be  seen  clearly.  The  average  interval 
between  each  misfit  dislocation  is  about  3.9  nm.  Here 
we  recall  the  calculation  results  from  Fig.  2,  which  is  a 


Fig.  2.  Dislocation  density  of  CeCK  is  a  function  of  that  of 
YSZ. 


4.0nm  3.9nm  3.7nm 


Fig.  3.  Cross-sectional  high-resolution  TEM  lattice  image  of 
CeCT/YSZ  interface. 


Radius  of  curvature  of  YSZ  /  m 

Fig.  4.  Radius  of  curvature  of  CeO,  is  a  function  of  that  of 
YSZ. 


two-dimension  dislocation  density  with  a  unit  cm  2.  The 
one-dimension  dislocation  density  can  be  estimated  by 
the  square  root  of  the  previous  calculation  result,  that  is, 
0.01 8-0.079  nm  1  for  YSZ  and  0.021-0.064  nnT  1  for 
Ce02.  Thus,  the  average  interval  between  misfit  disloca¬ 
tion  is  56-12  nm  for  YSZ  and  48-16  nm  for  Ce02.  The 
much  higher  interval  than  the  observation  of  high- 
resolution  TEM  comes  from  the  result  that  high- 
resolution  XRD  is  an  average  value  in  any  direction 
rather  than  just  along  the  interface. 

Fig.  4  shows  the  relationship  of  radius  of  curvature 
between  YSZ  and  Ce02  that  is  calculated  from  Fig.  1. 
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The  radius  of  curvature  of  YSZ  (0.07-0.25  m)  that  is 
caused  by  uniform  lattice  bending  is  much  smaller  than 
that  of  Ce02  (0.09-0.36  m).  The  radius  of  curvature  of 
bare  Si(001)  substrate  has  been  measured  by  high- 
resolution  XRD  and  shows  almost  no  bending 
(-300  m).  Therefore,  the  relatively  huge  curvatures  of 
YSZ  and  Ce02  were  not  caused  by  bent  substrate.  Here, 
we  consider  the  thermal  expansion  coefficients  of  Ce02, 
YSZ  and  Si.  Since  the  thermal  expansion  coefficient  of 
Ce02  (13.5  x  10~6K_1  at  1100K)  is  much  larger  than 
that ~  of  YSZ  (10.9  x  10_6K_1  at  HOOK)  and  Si 
(4.5  x  10-6K  1  at  1100K),  the  Ce02  and  YSZ  layers 
undergo  tensile  stress  when  the  specimen  is  cooled  from 
deposition  temperature,  1073  K,  and  down  to  room 
temperature,  298  K.  From  the  calculation  of  dislocation 
density  as  described  in  Fig.  2,  YSZ  always  has  a  much 
higher  dislocation  density  than  Ce02  for  various  YSZ 
thicknesses.  In  other  words,  the  YSZ  layers  might 
contain  more  mosaic  domains  than  Ce02  because  the 
domain  boundary  consists  of  dislocations.  As  these 
small  mosaic  domains  are  under  tensile  stress  caused  by 
the  difference  of  thermal  expansion  between  each  layer, 
this  will  lead  to  a  rocking  curve  broadening  effect  almost 
similar  to  the  curvature  broadening. 


4.  Conclusions 

In  this  paper,  we  have  successfully  used  the  X-ray 
rocking  curve  theory  to  clarify  the  double  oxide 
heteroepitaxial  CeO2/YSZ/Si(0  0  1)  films.  The  YSZ  has 
a  higher  dislocation  density  and  lower  radius  of 
curvature  than  Ce02,  which  is  mainly  caused  by  the 


larger  lattice  and  thermal  mismatches  between  Ce02  and 
YSZ,  and  YSZ  and  Si  substrate.  From  the  high- 
resolution  TEM  observation,  the  Ce02/YSZ  interface 
is  relaxed  by  introducing  a  large  amount  of  misfit 
dislocations  with  an  average  interval  —  3.9nm. 
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Abstract 

Physicochemical  interactions  in  amorphous  As2S3-copper  thin-film  systems  were  studied  by  the  methods  of 
resistometry,  ellipsometry,  microscopy  and  by  chemical  dissolution.  It  was  shown  that  the  considerable  variation  of 
chemical  process  activity  observed  in  these  systems  is  caused  by  an  essential  dependence  of  the  physicochemical 
interaction  rate  on  chalcogenide  film  stoichiometry  and  the  imperfection  of  its  structure.  Application  of  our  thermo¬ 
chemical  model  for  a  probability  estimation  of  quasi-molecular  reactions  of  copper  and  oxygen  with  polymerised  and 
non-polymerised  fragments  in  arsenic  trisulphide  film  makes  it  possible  to  give  a  qualitative  description  of  the  dark 
interaction  mechanism.  (Pi  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Chalcogenide  glassy  semiconductors:  Physicochemical  interactions 


1.  Introduction 

Thin-film  systems  based  on  chalcogenide  glassy 
semiconductors  (CGS)  and  some  metals  (Ag,Cu)  [1] 
have  many  unique  properies.  For  example,  they  can  be 
successfully  applied  in  submicron  lithography  and  are 
very  promising  in  nanolithography  as  inorganic  resists 
[2,3]. 

CGS-Me  systems,  generally,  are  thermodynamically 
non-equilibrium  ones:  there  are  physicochemical  pro¬ 
cesses  which  cause  their  ageing.  Besides,  the  examination 
of  physicochemical  interactions  (PCI)  of  CGS  and  metal 
films  is  an  important  topic  of  research  by  itself.  We  have 
recently  demonstrated  that  these  effects  can  be  applied 
to  the  creation  of  blazed  holographic  diffraction  gratings 

[4]. 


2.  Experimental 

Samples  of  sandwich-like  thin-film  CGS-Cu  systems 
were  prepared  by  deposition  onto  glass  substrate 
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vapours  produced  by  the  subsequent  thermal  vacuum 
evaporation  of  the  copper  load  and  that  of  crashed 
powdered  glassy  As2S3  from  tantalum  boats  at  a 
residual  pressure,  P,  of  5  x  10  3  Pa. 

The  most  universal  physical  property  describing  mass 
transport  during  solid-state  reactions  in  such  systems  is 
the  metal  layer  expenditure,  A//C  u.  It  was  observed  by 
electrical  resistance  measurements  [5]. 

Multiangle  ellipsometrical  measurements  (LEF-3M 
ellipsometer,  /.  =  632.8  nm)  of  As2Sy-Cu  samples  and 
As2S3  and  Cu  control  films,  were  analysed  using  the 
Fortran-program  which  enabled  us  to  distinguish 
between  various  ellipsometrical  models  [6,7]. 


3.  Results  and  discussion 

Thickness  changes  of  the  copper  film  on  As2S3-Cu 
samples  prepared  in  the  same  vacuum  cycle  began 
simultaneously  with  the  start  of  the  chalcogenide  film 
deposition  on  it  and  continued  after  completion  of  the 
deposition  at  the  same  rate  (Fig.  1(2)).  During  the 
deposition  of  As2S3  on  Cu  film  covered  by  the  CuvS 
layer,  Vc  was  proportional  to  the  deposition  rate,  and 
drops  sharply  when  the  deposition  is  completed 
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(Fig.  1(3)).  As  opposed  to  CuvS  layers,  the  Cu20  ones 
formed  by  the  exposure  of  the  copper  film  to  free  air 
have  barrier  properties  (Fig.  2). 

The  As2S3-Cu  sample  ageing  rate  depends  also  on  the 
conditions  of  the  preparation  of  the  As2S3  film.  During 
the  sample  storage  in  vacuum,  the  PCI  takes  place  most 
intensely  when  the  CGS  film  is  obtained  by  evaporation 
of  primary  glassy  As2S3.  The  PCI  rate  in  vacuum  slows 
down  by  more  than  one  order  of  magnitude  in  systems 
obtained  with  the  evaporation  of  multiply  used  As2S3 
load.  The  films  obtained  by  evaporating  the  previously 
used  As2S3  shots  have  a  refraction  index  that  is  several 
per  cent  higher  than  the  films  obtained  from  the  fresh 
load. 

The  stability  of  As2S3-Cu  systems  depends  also  on  the 
storage  conditions:  in  vacuum  or  in  air.  The  character  of 
atmospheric  influence  significantly  depends  on  the 
conditions  of  CGS  film  production. 


Fig.  1.  Time  dependence  of  the  As2S3  film  thickness  being 
deposited  (1)  and  the  thickness  change  of  the  copper  film  being 
stored  in  vacuum  chamber  (2,  3). 


t,  min 

0  10  20  30  40  50  60 


Fig.  2.  Copper  film  thickness  change  depending  on  the  dura¬ 
tion  of  the  As2S3-Cu  systems  storage  in  vacuum 
(/?As,s,  =  150nm).  Intermediate  Cu20  layer.  hCo2o  =  4  (1)  and 
7  (2)  nm. 


In  systems  with  films  obtained  from  fresh  shots,  the 
PCI  is  slower  in  air  than  in  vacuum  (Fig.  3(1)  and  (2)). 
On  the  contrary,  in  systems  in  which  CGS  films  are 
obtained  from  earlier  used  material,  the  PCI  rate  in  air  is 
higher  (Fig.  4).  In  the  sample  taken  from  vacuum  right 
after  the  deposition,  the  Ve  in  air  is  higher  than  that  in 
vacuum  and  is  practically  stationary  (Fig.  4(1)).  Longer 
storage  of  the  sample  in  vacuum  (before  placing  it  in  air) 
gradually  causes  the  occurrence  of  the  low  Ke  initial 
period  (Fig.  4(3)). 

The  systems  under  ellipsometrical  investigation  were 
well  modelled  as  multilayer  structures  with  sharp  layer 
interfaces.  That  is,  the  thickness  distribution  of  the 
dissolved  copper  is  almost  rectangular  in  shape.  It 
confirms  the  reactionary  nature  of  the  interaction.  In 


Fig.  3.  Change  of  the  Cu  film  thickness  in  the  As2S3-Cu  system 
being  stored  in  air  (1)  and  in  vacuum  (2).  /tAs:s3  =  180nm, 
hcu2o  —  5.5  nm. 


Fig.  4.  Time  dependence  of  copper  film  thickness  change  for  a 
As2S3-Cu20-Cu  system  over  the  vacuum-and  air-keeping.  The 
As2S3  film  has  been  obtained  by  the  evaporation  of  load  used 
earlier  in  four  evaporations.  (1)  Keeping  in  air,  (2,  3)  keeping  in 
vacuum  (up  to  the  time  indicated  by  | )  and  in  air  (after  the  time 
indicated  by  f)  (/?As,s3  =  106  nm,  hcU2o  =  5nm). 
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Fig.  5.  Thickness  change  of  non-doped  (1)  and  copper-doped 
(2)  parts  of  CGS  film  during  the  storage  of  the  As2S.v  Cu;0  Cu 
system  in  air.  The  CGS  film  parameters  arc  the  same  as  in 
Fig.  4. 

Fig.  5  the  details  of  ellipsometrical  investigations  on  the 
acceleration  of  PCI  in  air  are  represented. 

The  explanation  of  the  observed  substantial  difference 
between  chemical  process  rates  can  be  based  on  heats  of 
formation  of  copper,  and  arsenic  sulphides  and  oxides. 
For  arsenic  trisulphide  and  cupric  sulphides  the 


following  is  true  (Table  1): 

|A//r(As,S,)!<|A//r(Cu:S)|, 

(■) 

|A//f(As,Sj)|  <  |A//rCui_(iS)|. 

(2) 

From  (1)  and  (2)  it  follows  that  if  copper  and  arsenic 
trisulphide  are  in  contact,  fast  exothermic  exchange 
reactions  should  take  place,  producing  the  Cu2S  and 
Cu2  oS  compounds.  An  interaction  rate  is  determined 
by  the  enthalpy  and  the  entropy  of  the  reactions  and  by 
the  kinetic  factors. 

It  is  known  [11.12]  that  the  violation  of  the 
stoichiometrical  composition  and  structure  of  As2S3 
being  precipitated  due  to  change  of  fragmentary 
composition  of  vapour  phase  causes  changes  of  the 
optical  properties  of  the  arsenic  trisulphide  films. 
Multiple  evaporation  of  glassy  As2S2.  causes  changes  in 
its  vapour  phase  composition  -from  more  volatile 
sulphur-enriched  fractions  at  the  first  evaporation  of 
shots  to  sulphur-deficient  fractions  when  shots  are  taken 
through  several  evaporation  cycles.  Since  (Table  1) 

A//f(As2S5)|  <  |A//f(As:S.0|  <  |A//f(As2S2  )|,  (3) 

one  should  expect  an  intensification  of  the  interaction 
between  the  copper  and  the  sulphur-enriched  films 
obtained  during  the  first  evaporation  of  the  arsenic 
trisulphide  load.  This  has  been  confirmed  experimen¬ 
tally. 


Tabic  1 

Relative  heats  of  formation  (in  kcal/molc  x  number  of  chalco- 
gen  or  oxygen  atoms  per  formula  unit)  for  arsenic,  and  copper 
sulphides  and  arsenic,  copper  and  sulphur  oxides 


Compounds 

|A//f|  ([8-10]) 

As2S2 

15.95 

As2St 

13.3 

As2S5 

7.0 

Cu2S...CuisS 

19.6...  17.2 

s2o...s2o7 

-0.098...  36.8 

Cu20,  CuO 

41.4.  38.7 

As20<...  As205 

43.9...  53.0 

The  effect  of  the  atmospheric  influence  can  also  be 
explained  in  a  non-contradictory  manner  in  terms  of  the 
thermochemical  approach.  The  analysis  of  data  in  the 
table  shows  that  the  exothermic  effect  of  the  3-,  4-,  5- 
valence  arsenic  atoms  reaction  with  oxygen  is  greater 
than  the  oxygen-copper  and  oxygen-sulphur  reactions. 
This  exothermic  effect  is  also  greater  than  that  of  the 
reaction  of  arsenic  or  copper  atoms  with  sulphur.  This 
enables  us  to  assume  that  the  overall  PCI  rate  in  air 
increases  specifically  due  to  the  interaction  of  atmo¬ 
spheric  oxygen  with  arsenic  atoms.  The  acceleration  of 
the  PCI  interaction  processes  should  be  especially 
noticeable  in  samples  without  excess  sulphur,  such  as 
thin-film  samples  without  surplus  of  sulphur,  in  agree¬ 
ment  with  the  experimental  results. 
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Abstract 

Both  EPR  spectra  of  Gd  impurity  and  119Sn  Mossbauer  spectra  in  Pbj_A.SnYTe  grown  from  the  melt  by  Bridgman 
method  and  doped  with  Gd  impurity  during  the  growth  process  were  investigated.  It  was  ascertained  that  EPR  spectra 
behavior  depended  on  rare-earth  impurity  concentration,  doping  method  and  matrix  composition.  It  was  shown  that 
there  were  some  correlations  between  Gd  EPR  spectra  behavior  and  119Sn  Mossbauer  spectra  parameters  in  doping 
crystals  under  investigation.  The  results  obtained  are  treated  on  the  basis  of  the  model  “Gd  impurity— Te- vacancy 
complexes,  whose  creation  is  caused  by  the  interaction  between  point  defects  in  the  matrix  and  Gd  impurity  ions  during 
growth  process.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  EPR;  Mossbauer  effect;  Native  defects;  Gadolinium 


1.  Introduction 

Investigations  of  rare-earth  element  (REE)  impurities 
behavior  in  semiconductors  and  their  influence  on 
physical  properties  as  well  as  extension  of  their  practical 
applications  are  of  great  scientific  interest  at  the  moment 
[1 — 4].  Due  to  the  “cleaning  effect”  caused  by  REE  and 
their  electronic  configuration  being  different  from  other 
impurities  as  well  as  the  presence  of  unfilled  4f-electron 
shells,  it  could  be  possible  to  improve  operating 
parameters  of  doped  semiconducting  materials  and  to 
create  semiconductors  with  new  physical  properties  for 
fiber-optics  communication  and  spintronics. 

This  work  keeps  on  methodical  investigation  of  Gd 
impurity  behavior  in  lead  and  tin  telluride  crystals  [4-6]. 
Its  main  aim  is  to  provide  a  model  of  Gd3  +  charge  state 
creation  in  materials  under  the  investigations  suggested 
in  the  preceding  work  [6]  with  new  arguments.  Accord¬ 
ing  to  this  model  Gd3  +  ion  exists  as  a  component  part  of 
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“Gd  impurity-Te-vacancy”  complex  and  arises  out  of 
interaction  with  Te  vacancy.  This  conclusion  was  drawn 
during  the  investigations  of  PbTe :  Gd  crystal,  where  Gd 
was  added  as  a  hyperstoichiometric  dopant.  Present 
work  is  an  extension  of  this  case,  in  which  Gd  was  added 
as  a  metal  component  substituting  dopant,  during  the 
growth  from  the  melt  of  both  Pb^Gd/Te  and 
Pb!_.Y_vSnYGdvTe  solid  solutions.  It  was  assumed  that 
if  Te  vacancy  really  takes  a  dominant  part  in  Gd3+ 
charge  state  creation,  then  it  should  be  indicated  in  Gd 
EPR  spectra  depending  on  doping  method  and  metal 
sublattice  composition  of  Pbi_YSnYTe,  because  these 
factors  are  directly  connected  with  Te  vacancies 
concentration.  Obtained  investigation  results  are  pre¬ 
sented  below. 


2.  Samples  and  experiments 

Single  crystals  of  PbTe  and  its  solid  solutions  with 
SnTe,  grown  from  the  melt  by  Bridgman  method  and 
doped  with  Gd,  during  the  growth  process,  have  been 
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investigated  by  means  of  EPR  and  !l9Sn 
Mossbauer  spectroscopy.  Gd  impurity  was  added  into 
the  crystals  as  a  stoichiometric  lead  substituting 
component  according  to  the  following  chemical  formula 
Pb]  ....Y.  rSnvGdvTe.  Gd  is  a  donor  impurity  in  the 
investigated  crystals  and  its  segregation  coefficient 
strongly  depends  on  impurity  concentration  in  the  melt 
[5].  There  exists  a  possibility  to  create  a  growth  n->p 
transition  by  taking  Gd  in  a  right  y  amount  within  every 
grown  crystal  and  thus  obtaining  both  n-  and  p-type 
samples  for  further  investigations.  This  factor  is  of  great 
importance  due  to  the  main  aim  of  investigation  because 
a  type  of  crystal  conductivity  in  Pb  and  Sn  tellurides  is 
conditioned  by  the  dominant  type  of  point  defects  in  it. 
If  the  Te  vacancies  concentration  predominates  over  the 
metal  vacancies,  then  the  crystal  possesses  n-type 
conductivity,  otherwise  the  crystal  possesses  p-type 
conductivity  [7].  So,  initial  Gd  concentration  was  taken 
equal  to  y  =  0.005  for  all  solid  solution  compositions 
investigated,  x  =  0;  0.05  and  0.2. 

EPR  spectra  and  1,9Sn  Mossbauer  spectra  were 
studied  according  to  techniques  described  in  Refs. 
[4,6],  Mossbauer  investigations  were  carried  out  only 
at  room  temperature,  and  EPR  experiments  at  both 
room  and  liquid  nitrogen  temperatures.  Real  Gd 
concentration  in  crystals  was  determined  by  means  of 
electron  microprobe  analysis  with  “Camebax”  analyzer. 

3.  Results  obtained 

Experimental  EPR  data  presented  for  systems  under 
investigation  together  with  other  previously  obtained 
results  [6]  have  demonstrated  the  following.  Main 
factors  which  influence  the  behavior  of  EPR  spectra 
are  impurity  concentration,  doping  method  and  chemi¬ 
cal  composition  of  the  matrix  around  the  impurity  ion, 
whereas  Pb  and  Sn  are  the  elements  from  the  same 
group,  and  there  is  a  continuous  series  of  their  telluride 
solid  solutions  crystallizing  into  NaCl-type  cubic  lattice. 
Furthermore,  all  these  factors  are  interlocked.  This 
means,  for  example,  that  the  presence  of  Gd  being 
present  in  sufficient  concentration  in  the  crystal  may  or 
maynot  be  revealed  by  EPR  measurements  depends  on 
the  composition  and  conductivity  type  of  Pbh  vSnvTe 
matrix  whether  a  Gd  may  or  maynot  be  revealed  by 
EPR  measurements  in  materials  with  the  same  type  of 
conductivity  and  composition  depends  on  the  way  in 
which  it  was  added — as  a  hyperstoichiometric  dopant  or 
as  a  metal  component  substituting  stoichiometric  one. 

With  respect  to  the  main  task  of  experiments,  EPR 
spectra  of  n-  and  p-type  samples  made  from  ingot 
regions  situated  close  to  n~+p  transition  were  of  greatest 
interest.  These  samples  differed  slightly  from  each  other 
in  their  Gd  concentration,  but  differed  fundamentally  in 
type  and  concentration  of  dominant  vacancies  in  them. 


which  define  the  type  of  conductivity  and  free  carrier 
concentration  in  crystals  under  investigation.  Type 
conductivity  inversion  of  the  ingot  w'as  observed  at 
different  real  Gd  concentrations  7Vpn(Gd)  depending  on 
melt  composition.  JVpil(Gd)  was  changed  from 
~1  x  10ncm “ 3  for  Pb i  vSnvTe  crystal  surrounded  for 
.v  =  0  up  to  ~  1  x  10~°  cm  3  for  nominal  composition 
x  -  0.2.  Main  experimental  results  obtained  can  be 
summarized  as  follows: 

(I)  EPR  has  always  been  detected  in  doped  n-type 
crystals  for  any  composition  of  crystal  matrix  for 
x  region  investigated. 

(II)  EPR  has  been  detected  or  not  in  doped  p-type 
crystals  depends  on  both  crystal  composition  and 
doping  method. 

(III)  EPR  has  never  been  detected  in  doped  p-type 
crystals  for  nominal  composition  x  =  0.2  of 
Pb i  Y  ,Sn  vGd,Te  and  in  p-PbTe :  Gd  doped  with 
Gd  as  a  hyperstoichiometric  impurity. 

(IV)  Seven  fine  structure  lines  corresponding  in  general 
terms  to  Gd3  f  ion  in  cubic  symmetry  local 
surrounding  have  been  detected  only  in  Sn-free 
samples  of  both  p-  and  n-  Pbj  .,GdvTe  crystals 
with  Gd  concentration  less  than  1  x  i02ocm"3  in 
them.  Fig.  1. 

Fine  structure  of  the  EPR  spectra  was  certainly  not 
observed  in  Sn-containing  crystals  despite  the  fact  that 
these  samples  had  perfect  crystal  structure  and  were 
single  crystals  (minimum  amount  of  Sn  was  a  ~  0.02 
in  samples  made  from  ingot  with  nominal  composition 
x  =  0.05  due  to  segregation  effects).  It  is  for  [001] 
orientation  of  magnetic  field  B  corresponding  to 
maximum  spectrum  spread  for  Pb1..,.Gd,Te  that  one 
spectrum  line  broadened  in  a  greater  or  lesser  degree 
depending  on  the  real  Gd  concentration  was  always 
registered  in  n-type  Pb,  v_,.SnvGdrTe  crystals.  Position 
of  this  line  was  almost  the  same  as  for  the  central  fine 


Fig.  1.  EPR  spectra  of  Pb,  ,GdvTe  crystals  at  room  tempera¬ 
ture:  (a)p-type  conductivity.  =  7.3  x  10IRcm' 3  and 
(b)  n-type  conductivity,  N(id  =  2.2  x  l0Ncm  \ 
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structure  line  of  the  Pbi^Gd^Te  EPR  spectrum.  EPR 
spectra  as  a  one  week  intensity  line  were  registered  in  p- 
type  ingot  region  close  to  the  grown  n->p  transition  for 
crystals  with  x  =  0.05  only  at  mainly  liquid  nitrogen 
temperature,  and  were  not  registered  at  all  in  crystals 
with  nominal  composition  x  =  0.2,  despite  a  rather  high 
Gd  concentration—  ~ (7-8)  x  1019cm-3— in  that  ingot 
region.  It  should  be  mentioned  here  that  EPR  spectra 
was  registered  at  both  room  and  liquid  nitrogen 
temperatures  in  n-PbTe :  Gd  crystals  with  Gd  concen¬ 
tration  that  cannot  be  registered  by  electron  microprobe 
analysis— A(Gd)<^  1018  cm-3. 


4.  Discussion 

We  believe  that  the  presented  results  of  the  experi¬ 
mental  investigations  of  Pbl  A^;SnvGd;Te  solid  solu¬ 
tion  EPR  spectra  give  the  seal  to  our  model  about  the 
origin  of  the  Gd3+  charge  state  in  doped  lead  telluride 
crystals  described  above.  According  to  this  model,  Gd3  + 
ion  arises  out  of  Coulomb  interaction  between  Gd2+  ion 
and  positive  charge  point  defect  (Te  vacancy),  where¬ 
upon  Te  vacancy  captures  5d*  electron  of  Gd2+  and 
makes  it  a  Gd3  + . 

Due  to  the  constitution  diagram  specificity  [7],  tin 
percentage  increase  in  Pbi^YSnYTe  leads  to  a  tellurium 
content  increase  in  the  crystals  grown,  and  to  a 
corresponding  probability  decrease  of  Te  vacancy 
creation  as  a  result  of  this.  Using  Gd  as  a  doping 
impurity  during  growth  from  the  melt  also  decreases 
total  Te  vacancy  concentration  in  ingots.  This  was 
confirmed  by  recent  Mossbauer  investigations  of 
SnTe:Gd  crystals  [4].  However,  this  tendency  not  only 
belongs  to  SnTe,  but  also  for  solid  solutions  of  SnTe 
basis  and  even  for  not  rich  SnTe  ones.  It  is  clearly  shown 
on  the  Mossbauer  spectra  of  n-  and  p-type  crystals 
grown  from  the  gadolinium  doped  melts  for  x  =  0.07, 
Fig.  2. 

Line  width  F  of  Mossbauer  spectrum  is  defined  by 
local  surrounding  symmetry  of  Mossbauer  ion  and  it 
increases  when  this  symmetry  decreases.  F  is  always 
smaller  in  p-type  samples  for  the  same  composition  in 
crystals  under  investigation.  As  was  shown  in  [4],  such  a 
behavior  of  F  corresponds  to  Te  vacancy  concentration, 
which  is  much  lower  in  p-type  crystals.  Electrostatic  field 
of  these  vacancies  deforms  the  local  cubic  symmetry  of 
ll9Sn  surrounding  the  crystals. 

Taking  into  consideration  the  facts  mentioned  just 
above  as  well  as  the  fact  that  homogeneity  region  in 
Pb!_YSnA-Te  for  x^0.2  never  crosses  stoichiometric  line 
and  fully  corresponds  to  Te-rich  compositions  [7],  there 
is  every  reason  to  believe  that  Te  vacancy  concentration 
in  p-type  region  of  Pb^^vSn^Gd^Te  ingot  grown  from 
the  melt  for  x^0.2  should  be  very  low.  According  to 
the  model  presented  this  should  make  Gd3*  states 
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Fig.  2.  1 19Sn  Mossbauer  spectra  both  the  n-  (a)  and  p-type 
conductivity  (b)  Pbo^Sno^Te  crystals  doped  with  gadolinium. 
Mossbauer  spectra  parameters:  a  —  <5  =  3.55  mm/s, 

r  =  0.90  mm/s,  S' =  0.037  arb.  units;  and  b-  5  =  3.55  mm/s, 
r  =  0.80  mm/s,  S  =  0.038  arb.  units. 


creation  very  unlikely.  This  is  confirmed  by  the  absence 
of  EPR  signal  in  those  crystals  despite  a  rather 
high — ~7  x  10l9cm~3 — Gd  concentration  in  them.  In 
doped  n-type  crystals,  Te  vacancy  becomes  a  dominant 
point  defect.  That  is  why  p->n  transition  from  p-  to  n- 
type  region  in  doped  ingot  must  be  accompanied  by  a 
strong  increase  of  Vje  concentration.  Intensive  EPR 
signal  being  detected  in  n-region  after  transition  despite 
very  small  increase  of  Gd  concentration,  indicates  that 
just  Te  vacancies  are  the  reason  for  EPR  sensitive  state 
of  Gd  ion — Gd3+  state. 

Both  the  appearance  of  the  EPR  spectra  in  p- 
Pbi  A  jSnvGd;Te  crystals  for  x  =  0.05  and  their  rather 
high  intensity  for  x  =  0  mean  that  the  difference  in 
degree  of  order  between  metal  sublattice  and  chalcogen 
sublattice  becomes  lower,  while  x  reduces  from  0.2  to  0, 
so  Vje  concentration  becomes  sufficient  despite  VuQ 
domination.  It  coincides  well  with  the  fact  that  vacancies 
in  points  of  the  SnTe  metal  sublattice  are  generated 
more  easily  than  in  PbTe,  because  relaxation  around  the 
free  point  gives  a  larger  energy  effect  [8].  Comparing  the 
absence  of  the  EPR  spectra  in  p-PbTe ;  Gd  crystals  and 
their  presence  in  p-Pb^GjTe,  a  conclusion  can  be 
drawn  that  Gd  decreases  average  vacancy  concentration 
in  IV-VI  crystals  more  effectively,  while  it  is  added  as  a 
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hyperstoichiometric  dopant  into  the  melt  rather  than  as 
a  metal  component  substituting  dopant.  Also  it  is 
natural  that  in  that  case  metal  components  dominate 
due  to  growth  conditions  making  it  more  difficult  to 
obtain  p-type  crystals  with  a  dominant  Te  component  in 
them. 

Finally,  we  would  like  to  pay  attention  to  the  following. 
Besides  the  correlation  described  above  between  EPR 
data  for  Gd  ions  and  1  lySn  Mossbauer  spectroscopy  data, 
experimental  results  correlate  in  one  important  aspect  as 
well.  Vjc  Coulomb  field  deforms  not  only  cubic  symmetry 
of  !,9Sn  ion  local  surrounding,  which  is  indicated  by  line 
width  r  increasing  in  Mossbauer  spectra,  but  also 
deforms,  cubic  symmetry  of  Gd  ion  local  surrounding, 
and  that  deformation  is  actually  observed  in  EPR  spectra. 
Fine  structure  lines  positioned  in  the  GdV{  EPR  spectra 
of  Pb|_.,.GdvTe  is  never  symmetric,  and  line  intensity 
ratios  never  match  the  binomial  16:12: 15:7 — a  theore¬ 
tical  ratio  for  paramagnetic  ion  in  the  crystal  field  of  cubic 
symmetry  [9].  However,  these  questions  are  matter  of 
special  investigation. 

5.  Conclusions 

The  presented  results  of  experimental  investigations  of 
the  Pb j .. ..  y ...  rSnYGdrTe  single  crystals  give  the  seal  to  the 


model  according  to  which  gadolinium  ions  interact  with 
native  point  defects  of  crystal  lattice  during  the  growth 
process.  One  of  the  results  of  that  interaction  is  Gd3  * 
charge  center  creation  as  a  component  part  of  the  tsGd 
impurity-Te  vacancy”  complex. 
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Abstract 

The  structure  and  stability  of  chlorine-doped  defects  in  amorphous  Se  were  investigated  by  means  of  quantum 
chemical  modeling  in  the  frame  of  cluster  approach  at  B3LYP  level.  It  was  found  that  formation  of  isolated  charged 
defects  (valence  alternative  pare)  is  energetically  unfavorable.  The  most  stable  are  terminal  positions  of  Cl  atoms  at  the 
Se  chains  (Cl-(Se-)„).  The  interaction  of  Cl-containing  fragments  of  such  chains  with  Se  chains  or  rings  so  as  with 
hypervalent  configurations  (HVC)  with  over-coordinated  Se  atoms  leads  to  formation  of  new  Cl-doped  defects  with 
over-coordinated  Se  and  Cl  atoms.  Similar  configurations  are  able  to  activate  bonds  switching  in  process  of  network 
rearrangement  and  transformation  of  HVC  to  usual  network  fragments.  The  destruction  of  HVC  should  reduce  the 
concentration  of  traps  for  charge  carriers.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  3 1.1 5. A 

Keywords:  a-Se;  Structure;  Defects;  Quantum  chemical  modeling 


1.  Introduction 

In  accordance  to  Refs.  [1-3],  the  introducing  of  small 
amount  of  Cl  impurity  (^  1%)  leads  to  drastic  change  of 
viscosity  and  the  electrical  characteristics  of  a-Se,  in 
spite  of  the  preceding  proposal  about  a  negligible 
influence  such  small  additions  at  the  properties  of  non¬ 
crystalline  semiconductors.  The  acute  drop  of  resistance 
up  to  109Hcm  in  a  chlorine-doped  selenium  is  accom¬ 
panied  by  lowering  of  conductivity  activation  energy  on 
0.26  eV  in  comparison  with  non-doped  a-Se.  The  similar 
results  were  obtained  in  the  investigations  of  chlorine- 
doped  liquid  selenium  [4]. 

The  mechanism  of  such  influence  is  still  unclear.  The 
main  previous  hypothesis  is  based  on  the  model  of 
charged  centers  D  +  ,  D~  [5,6],  It  is  proposed  that  Cl 
atoms  terminate  already  existing  dangling  bonds  (D)  or 
instill  into  Se-Se  bonds  destroying  them  with  formation 
of  Cl-(Se-)„  chains.  In  such  cases,  the  Cl  atoms  are 
unable  to  form  free  charge  carriers.  In  accordance  with 
another  variant  Cl  atom  occupies  the  interstitial  position 
attracting  one  electron  from  the  lone  pair  of  Se  atom 
and  forming  C^  and  Cl-  centers  with  arising  of  volume 
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charge.  Such  interstitial  Cl-  atoms  believed  to  be  the 
main  donor  centers  [3-5].  At  the  same  time  aside  from 
C2"  centers  the  chlorine  atoms  can  form  the  other  kinds 
of  electron  traps  in  a-Se  [7,8].  The  halogenated  a-Se  has 
a  p-type  of  conductivity  the  same  as  the  undoped 
selenium. 

The  introducing  of  Cl  impurity  into  a-Se  leads  to 
formation  of  two  additional  bands  (335  and  960  cm  ') 
in  the  IR  spectrum  [9].  The  first  one  is  interpreted 
reliable  enough  as  a  vibration  of  Se-Cl  terminal  bond. 
The  origin  of  the  second  band  is  still  unclear. 

The  aim  of  this  work  is  to  consider  the  possible 
variants  of  Cl  implantation  into  a-Se  network,  to 
investigate  the  structure  and  stability  of  charged  and 
neutral  Cl-containing  defects,  to  estimate  the  participa¬ 
tion  of  such  defects  in  transformation  of  a-Se  network 
and  in  destruction  of  HVC  such  as  VAP-d  and  C4 
described  in  the  previous  papers  [10,11]. 


2.  Calculation  details 

The  calculations  of  the  model  systems  were  carried 
out  in  the  frame  of  cluster  model  with  (-Se-)„  chains  as 
the  main  fragments  of  a-Se  network,  with  termination  of 
the  boundary  bonds  by  the  H  atoms.  As  a  rule  the  active 
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regions  of  model  clusters  were  surrounded  by  two  Se-Se 
links;  in  this  case  the  influence  of  boundary  atoms  onto 
active  region  is  weak.  The  geometry  optimization  was 
made  at  B3LYP  approach  [12]  (density  functional 
method).  The  influence  of  core  electrons  was  modeled 
by  LANL2  pseudopotential  [13]  with  the  appropriate 
split-valence  basis  set  with  the  addition  of  polarizing  d- 
AO.  The  relative  energies  of  the  optimized  configura¬ 
tions  were  refined  at  the  MP2  level  (second  order  of  the 
perturbation  theory  at  the  Moller-Plesset  scheme).  The 
calculations  were  made  with  GAUSSIAN-94  package 
[14].  The  transition  states  were  localized  by  QST2 
method  [14]. 


3.  Results 

The  basic  elements  of  a-Se  network  are  the  (-Se)„ 
chains.  The  interaction  of  CF  molecules  with  such  units 
leads  to  the  more  short  new  chains  Cl(-Se)m  with  Cl 
atoms  at  the  terminal  positions.  The  charge  transfer  to 
Cl  atom  is  not  very  essential  ~0.17e.  The  appropriate 
energy  lowering  calculated  at  B3LYP  level  is  ~0.82eV. 
The  energies  of  (-Se)„  and  Cl(-Se)„,  chains  were  taken  as 
zero  for  determination  of  relative  stabilities  of  various 
Cl — containing  defects. 

The  charged  defects  (valence  alternative  pare,  VAP) 
were  calculated  with  localization  at  Cl-containing 
defects  both  negative  and  positive  charges.  The  Cl  ! 
center  is  able  to  form  two  bonds,  and  the  appropriate 
configurations  1A  and  IB  (Fig.  1)  were  considered  with 
three-coordinated  negative  center  Se(3,-)  (ID,  Fig.  1) 
[11,12]  as  counterpart  (the  notation  A(k,~)  or  A(k,  +  ) 
corresponds  to  charged  defects,  k  is  coordination 
number  of  atom  A).  The  relative  energies  of  such  pairs 
are  significantly  higher  than  for  initial  chains  (Table  1). 
The  attempts  to  form  interstitial  Cl  center  in  config¬ 
uration  similar  to  IB  leads  to  configuration  1C  with 
single-coordinated  Cl  and  three-coordinated  Se  atoms, 
similar  to  Se(3,-)  center  [11.12],  but  with  Cl(-Se),,,  chain 
instead  (-Se),,  one.  The  relative  energy  of  such  defect 
with  positive  Se(3,  +  )  counterpart  (ID,  Fig.  1)  is  high  as 
well  (Table  1).  So,  Cl-containing  VAPs  in  Cl-doped  a-Se 
have  too  high  relative  energies,  similarly  to  pure  a-Se. 
Additionally,  we  tried  to  check  the  possibility  of 
interstitial  location  of  neutral  Cl  atom,  placing  it  near 
the  middle  of  (-Se)„  chain.  In  this  case,  the  nearest  to  Cl 
Se-Se  bond  was  broken  with  formation  of  new  Cl(-Se),„ 
chain  and  Se  chain  fragment  with  dangling  bond.  The 
formation  of  Cl  center  with  redistributed  positive 
charge  at  nearest  Se  atoms  was  not  found. 

The  neutral  Cl-containing  defects  is  possible  to  form 
by  interaction  of  Cl-Se  terminal  bond  from  Cl(-Se),„ 
chain  with  fragments  of  usual  Se  chain  or  HVC-defects 
in  a-Se  such  as  VAD-d  or  C4  (Fig.  2).  The  rapproche¬ 
ment  of  Cl-Se  bond  and  polar  >  Se-Se  fragment  of 


1C.  Cl( !.-)=>  Se(3,-)  ID,  Se(3,-):  Se(3.+) 

Fig.  1.  Schematic  representation  of  the  charged  Cl-containing 
defects. 


VAP-d  leads  to  formation  of  3A  transition  state,  passing 
to  3C  structure.  The  barrier  height  for  such  transforma¬ 
tion  is  not  high  (^0.5eV  at  B3LYP  level),  and  relative 
energies  for  the  both  configurations  are  lower  than  Se- 
Se  bond  energy  (Table  1).  The  implantation  of  the  Cl-Se 
fragment  into  ‘weak’  bond  of  C4  HVC  produces  3B  TS 
(Fig.  3),  which  is  transformed  into  the  same  3C  structure 
and  usual  Se  chain.  In  this  case,  the  barrier  is  slightly 
higher,  nevertheless  it  is  lower  than  1  eV  (Table  1).  The 
3C  configuration  is  similar  to  C4  HVC  of  a-Se,  but  with 
Cl  atom  instead  of-Se(-Se)A  half-chain.  It  is  possible  to 
transform  this  Cl-containing  HVC  into  new  local 
minimum  with  just  the  same  relative  energy  (Fig.  3, 
3D),  by  reducing  of  approximately  linear  Cl-Se-Se 
angle  to  ~60\  The  barrier  value  for  such  transforma¬ 
tion  is  small,  ~0.3  and  ~0.4eV  at  B3LYP  and  MP2 
levels.  The  central  fragment  of  this  configuration  has  bi- 
pyramidal  shape  with  similar  Cl-Se  and  Se-Se  bonds 
(Fig.  3).  The  3D  structure  is  ready  to  split  into  Cl(-Se),,, 
and  usual  Se  chains  by  three  different  ways,  passing 
through  the  barriers  ~0.44eV  (Table  1).  This  opportu¬ 
nity  is  able  to  change  the  direction  of  Se-Se  chain.  The 
relative  energy  of  the  appropriate  TS  is  not  very  high 
(Table  1),  and  it  is  possible  to  form  the  3D  configura¬ 
tions  directly  from  Cl(-Se),,,  and  usual  Se  chains.  Such 
configuration  is  able  to  reduce  the  activation  energy  of 
bonds  switching  and  network  transformation  in  Cl- 
doped  a-Se.  The  bonds  switching  with  participating  of 
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Table  1 

Relative  energies  (eV)  for  different  configurations  of  Cl-doped  a-Se  defects.  Zero  of  energy  corresponds  to  (-Se)„  and  Cl(-Se),„  chains. 
The  notations  A(k,  +  ),  A (&,-)  correspond  to  charged  defects  with  k  is  coordination  number  of  atom  A.  LM— local  minimum, 
TS— transition  state;  the  value  in  parenthesis  corresponds  to  barrier  height 


Config. 

Cl2  and 
(-Se)„  chain 

SeCl4  and 
(-Se)„  chain 

1A  and  ID 
<3(2,  +  ),  Se(3 ,-) 

IB  and  ID 

Cl(2,  + ),  Se(3 ,— ) 

1C  and  ID 

Cl(l Se(3,+) 

B3LYP 

0.82 

0.36 

5.7 

5.0 

4.1 

Config. 

3C,  LM 

3D,  LM 

3A,  TS 

3B,  TS 

TS  3D^chains 

B3LYP 

0.63 

0.65 

1.42  (0.50) 

1.95  (0.79) 

1.09  (0.44) 

MP2 

0.47 

0.69 

1.56  (0.53) 

— 

1.20  (0.51) 

Fig.  2.  The  representation  of  Cl(-Se)„  chain  and  appropriate 
HVC. 


3  A,  TS(VAP  +  Cl-Sen)  3B,  TS(G°  +  Cl-Se„ ) 


Cl 


Fig.  3.  The  transition  configurations  for  the  interaction  of 
Cl(-Se)„  chain  and  HVC  (3A,  3B),  metastable  Cl-containing 
HVC  (3C,  3D). 


pure  Se  chains  is  related  with  potential  barrier  ~  1 .7  eV 
at  the  B3LYP  level. 


4.  Conclusions 

According  to  the  obtained  results  the  most  energy 
favorable  positions  of  chlorine  atoms  in  the  a-Se 
network  are  at  the  end  of  Se  chains.  In  this  case,  Cl 
atoms  terminate  the  Se-Se  dangling  bonds.  The  charged 
defects  are  very  unstable  and  their  concentration  should 
be  low.  The  interaction  of  terminal  Cl-Se  bonds  with  Se 
chains  and  with  hypervalent  configurations  presented  in 
a-Se  creates  neutral  Cl-containing  defects  participating 
in  bonds  switching  and  destruction  of  HVC.  Similar 
mechanisms  are  able  to  lower  the  activation  energy  of 
network  transformation  and  to  reduce  concentration  of 
HVC  which  are  traps  of  charge  carriers  in  a-Se. 
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Abstract 


The  photoluminescence  (PL)  properties  of  vacuum-deposited  CuGaS2,  produced  by  the  co-evaporation  of  elemental 
sources,  is  reported  for  the  first  time.  Free  excitonic  PL  is  observed  up  to  room  temperature.  The  green  PL  dominating 
at  ~2.4eV  for  slightly  Ga-rich  material,  and  at  -2.3  eV  for  slightly  Cu-rich  material,  involves  shallow  donor-acceptor 
pair  recombination.  It  appears  that  the  same  shallow  donor  with  binding  energy  ~53meV  is  involved  in  the 
recombination  process.  The  dominant  acceptor  in  Cu-rich  material  is  obtained  at  —  210  me V  above  the  valence  band, 
while  a  shallower  acceptor  dominates  in  Ga-rich  material.  Possible  origins  of  these  defects  are  proposed.  ©  2001 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  CuGaS2;  Vacuum  deposition;  Photoluminescence 


1.  Introduction 

CuGaS2  is  a  member  of  the  I— III— VI2  chalcopyrite 
semiconductor  family,  with  a  direct  band  gap  energy  of 
2.53  eV  at  OK  [1].  It  is  epitaxially  compatible  with  III-V 
substrates  such  as  GaAs  and  GaP  and  can  be  grown  at 
moderate  temperatures  [2].  To  date,  n-type  material  has 
not  been  realized.  Despite  its  attractiveness  for  opto¬ 
electronic  applications,  there  is  presently  only  an 
elementary  understanding  of  the  influence  of  intrinsic 
defects  on  the  radiative  processes  in  the  material.  This  is 
true  for  most  of  the  chalcopyrite  semiconductors,  a 
possible  exception  being  CuInSe2,  for  which  a  coherent 
picture  is  beginning  to  emerge  [3].  For  CuGaS2  the  poor 
understanding  at  present  arises  mainly  from  a  lack  of 
experimental  data,  and  from  the  fact  that  the  composi¬ 
tion  of  the  material  investigated  is  often  unknown. 
Furthermore,  the  formation  energies  for  intrinsic  defects 
have  not  been  determined.  In  order  to  gain  more  clarity 
on  the  defect  chemistry  in  CuGaS2,  it  is  essential  to 
study  the  dependence  of  the  optical  and  electrical 
properties  on  stoichiometry.  The  required  control  over 
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this  parameter  is  best  obtained  during  epitaxial  growth. 
In  the  present  work,  epitaxial  growth  was  achieved  by 
co-evaporation  of  elemental  sources  onto  heated  GaAs 
substrates.  Preliminary  results  on  the  photoluminescence 
(PL)  of  slightly  Cu-rich  and  Ga-rich  material  is 
discussed.  This  is  the  first  demonstration  of  PL  from 
layers  produced  by  this  method. 


2.  Experimental  details 

Thin  films  of  CuGaS2  were  produced  in  vacuum 
(background  pressures  10“ 5 Torr)  by  the  co-evapora¬ 
tion  of  the  three  elemental  sources  onto  GaAs(lOO) 
substrates,  heated  to  600°C.  The  Cu,  Ga  and  S  sources 
(99.999%  purity  or  better)  were  kept  at  -  1 150°C,  850°C 
and  80°C,  respectively.  X-ray  diffraction  on  the  layers 
always  revealed  the  diffraction  peaks  expected  for  the 
chalcopyrite  phase  and  indicated  that  the  layers  were 
preferentially  orientated  either  with  the  c-axis  or  the  a - 
axis  perpendicular  to  the  substrate.  Layer  thicknesses 
varied  between  0.4  pm  and  0.8  pm.  The  composition  of 
the  layers  was  determined  from  energy  dispersive  X-ray 
spectroscopy.  The  surfaces  of  Ga-rich  layers  had  a  slight 
grainy  texture,  while  layers  deposited  under  Cu-rich 
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conditions  became  increasingly  covered  in  crystallites 
containing  only  Cu  and  S  in  the  atomic  ratio  of 
approximately  1:1.  PL  spectra  were  obtained  using  an 
Ar  +  -laser  (458  nm)  or  a  Kr 1 -laser  (413nm)  for  excita¬ 
tion.  The  luminescence  was  dispersed  by  a  1  m  mono¬ 
chromator  (calibrated  with  the  632.8  nm  line  of  a  HeNe 
laser)  and  detected  using  a  GaAs  photomultiplier. 


3.  Results  and  discussion 

In  Fig.  1  the  4.2  K  PL  spectra  obtained  for  layers  with 
different  compositions  are  compared.  The  S-content 
varied  between  46  and  49at%.  For  slightly  Cu-rich 
material,  the  spectra  are  dominated  by  lines  between 
539.0  nm  (2.300  eV)  and  —  560.0  nm.  For  slightly  Ga- 
rich  material,  the  dominant  line  is  at  517.0nm 
(2.398  eV).  Smaller  Cu/Ga-ratios  (<^1)  lead  to  a 
quenching  of  the  near-band  edge  PL  in  favor  of  broad 
bands  involving  deeper  lying  states.  For  layers  #1  to  #4, 
weak  luminescence  is  also  observed  between  495  and 
505  nm.  In  this  paper,  the  PL  measured  for  layers  #1  and 
#4  (subsequently  referred  to  as  Cu-rich  and  Ga-rich)  in 
the  range  490  nm  to  560  nm,  will  be  discussed.  It  will 
only  be  mentioned  that  the  PL  observed  above  600  nm 
for  some  layers,  appears  to  be  typical  for  S-poor 
material:  the  broad  band  seen  for  layer  #3  (but  almost 
absent  for  layer  #2)  has  been  suggested  by  Masse  [4]  to 
involve  S-vacancies.  since  it  disappeared  when  chemical 
vapor  transport  (CVT)  grown  single  crystals  were 
annealed  in  a  S  atmosphere. 


Fig.  1.  Typical  PL  spectra  measured  at  4.2  K  for  vacuum- 
deposited  CuGaS^  with  different  compositions. 


The  PL  measured  for  slightly  Cu-  and  Ga-rich 
material  in  the  range  490-505  nm.  is  compared  in 
Fig.  2.  For  the  Cu-rich  layer,  five  lines  are  distinguished 
at  -495.5  nm  (2.502 eV),  497.3  nm  (2.493 eV),  498.9 nm 
(2.485 eV),  500.5  nm  (2.477 eV)  and  503.1  nm  (2.464 eV). 
Also  indicated  are  the  reported  range  for  the  recombi¬ 
nation  of  free  excitons  (FX)  in  single  crystals  [1,5]  and 
the  calculated  positions  for  donor-bound  (D°,  X)  and 
acceptor-bound  (A0,  X)  exciton  recombination,  using 
binding  energies  for  effective  mass  donors  and  acceptors 
of  48meV  and  127meV,  respectively.  Effective  masses 
for  electrons  and  holes  of  0.26m„  and  0.69 '/«»,  respec¬ 
tively  [6]  and  a  dielectric  constant  f.{]  =  8.6  [5]  were  used, 
while  the  binding  energies  of  the  bound  excitons  were 
estimated  from  Atzmiiller  et  al.  [7].  The  peaks  measured 
at  -495.5 nm  and  497.3  nm  are  attributed  to  FX  and 
(D  ,X)  recombination,  respectively.  The  donor  involved 
in  the  latter  transition  is  probably  the  same  defect  giving 
rise  to  the  line  at  500.5  nm  (i.e.  53meV  below  the 
position  of  which  correlates  very  well  with  the  calculated 
position  (499.5  nm;  2.482  eV)  for  a  transition  between  a 
neutral  effective  mass  donor  and  the  valence  band 
(D°,  h).  The  line  at  498.9  nm  does  not  involve  an 
effective  mass  acceptor,  but  is  attributed  to  an  exciton 
bound  to  a  deeper  acceptor,  as  discussed  below.  The  line 
at  503.1  nm  is  of  unknown  origin. 

The  PL  for  Ga-rich  material  is  broader  with  a 
maximum  at  -  496.7  nm  (2.496  eV)  and  a  shoulder  at 
—  498.5 nm  (2.487eV).  The  latter  is  of  extrinsic  origin 
(i.e.  involves  defects/impurities)  and  disappeared  above 
120  K,  while  the  former  line  persisted  up  to  290 K.  The 
energy  shift  measured  for  the  496.7  nm  line  relative  to  its 
position  at  1.9  K  is  plotted  in  Fig.  3  (circles)  versus 
temperature,  and  compared  with  the  reported  change  of 
the  A-exciton  position  obtained  from  photoreflectance 
measurements  on  CVT-grown  single  crystals  [2].  From 
the  identical  shifts  observed,  it  is  concluded  that  the  line 
is  due  to  FX  recombination. 


Fig.  2.  Comparison  of  low  temperature  PL  for  slightly  Cu-rich 
and  Ga-rich  material  in  the  excitonic  spectral  range. 
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Fig.  3.  Temperature  dependence  for  the  positions  of  the  PL 
lines  at  ~ 496.7  nm  in  Ga-rich,  and  at  539.0  nm  in  Cu-rich 
material.  The  dotted  lines  are  guides  to  the  eye. 


The  strong  green  PL  from  slightly  Cu-rich  material 
(layer  #1-Fig.  1)  is  attributed  to  donor-acceptor 
(D°,A°)  pair  transitions,  which  interact  with  lattice 
phonons.  Typically,  up  to  four  lines  are  observed.  The 
intensities  are  Poisson  distributed,  and  the  energy 
spacing  is  ~45meV,  which  correlates  with  the  highest 
energy  T(LO)  phonon  modes  (43.1,  48  and  49.5 meV 
[8]).  The  energy  shift  of  the  zero  phonon  line  relative  to 
3.8  K,  is  also  shown  in  Fig.  3  (squares).  Between  60 K 
and  120K  the  line  “blue-shifts”  by  ~14meV.  At  the 
same  time,  a  shoulder  was  seen  to  develop  on  its  high- 
energy  side  (inset  Fig.  3)  at  ~  534.0  nm  (2.322  eV).  These 
results  are  consistent  with  the  evolution  of  a  free-to- 
bound  type  of  transition  from  the  pair  emission,  where 
the  deeper  center  involved  has  a  binding  energy  of 
~210meV.  In  the  same  temperature  range,  the  inte¬ 
grated  PL  intensity  for  the  series  of  lines  was  thermally 
quenched  with  an  activation  energy  of  53  +  9meV, 
which  is  ascribed  to  the  ionization  of  the  shallower 
center.  The  participation  of  a  shallow  center  is  also 
deduced  from  the  dependence  of  the  zero  phonon 
line  energy  hvm  on  laser  power  (P).  This  is  plotted  in 
Fig.  4  (squares).  The  solid  line  is  a  best-fit  using  the 
expression  [9]: 

(/n’m-AVinf)3  /_yB-ftvinf)y 

hvB  +  /?Vinf  -  2hvm  \  hvm  —  hvm(  J 

Here,  D  is  a  proportionality  constant,  hv }nf  is  the  peak 
position  for  infinite  pair  separation,  and  hv b  —  fivjnf 
yields  the  binding  energy  of  the  shallower  species. 
The  fit  yields  a  binding  energy  for  the  shallower 
defect  of  32  +  4meV  (the  error  excludes  the  errors  in 
the  data).  A  comparison  of  this  value  and  the  53meV 
thermal  activation  for  the  quenching  of  the  PL,  with 
the  position  of  the  line  at  2.477  eV,  strongly  suggests 


Fig.  4.  Laser  power  induced  shift  at  4.2  K  for  the  PL  lines  at 
517.0nm  in  Ga-rich  and  at  539.0  nm  in  Cu-rich  material.  The 
solid  lines  are  least-squares-fits  to  Eq.  (1). 


that  the  shallower  level  is  an  effective  mass-like  donor 
with  binding  energy  of  53meV,  and  that  the  level 
at  ~210meV  from  the  band  edge  is  due  to  an 
acceptor.  This  acceptor  is  probably  also  the  center 
binding  the  exciton,  giving  rise  to  the  line  at  498.9  nm 
in  Fig.  2. 

The  green  PL  at  517.0nm  (phonon  replica  at 
527.0  nm)  dominating  for  slightly  Ga-rich  material,  also 
appears  to  be  (D°,A°)  in  nature.  Between  30  and  80  K 
this  line  was  quenched  with  an  activation  energy  of 
45  +  5  meV.  The  shift  of  the  zero  phonon  line  with  laser 
power  (Fig.  4,  circles)  is  again  typical  for  pair  emission 
involving  an  effective  mass-like  center.  A  binding  energy 
for  the  shallower  center  of  16  +  4meV  was  extracted 
from  the  fit  to  Eq.  (1)  (solid  line),  which  will  contain  a 
large  uncertainty  due  to  the  limited  range  of  laser  power 
studied. 

In  summary,  it  is  tempting  to  assume  from  the  above, 
that  the  same  shallow  level  is  involved  in  the  green  PL 
dominating  for  both  Cu-  and  Ga-rich  layers.  The  most 
likely  candidate  is  the  donor  at  ~53meV  below  the 
conduction  band  edge,  deduced  from  the  PL  for  the 
slightly  Cu-rich  layer.  Since  both  layers  are  S-deficient, 
this  donor  is  possibly  the  S- vacancy.  A  change  in  the 
Cu/Ga-ratio  then  seems  to  change  the  dominant 
acceptor  forming  in  the  material,  with  the  acceptor 
level  in  Cu-rich  material  being  ~210meV  above  the 
valence  band.  A  possible  candidate  for  this  acceptor, 
is  the  CuGa-antisite.  The  binding  energy  of  the 
deeper  center  involved  in  the  pair  luminescence  for 
the  Ga-rich  layer,  has  not  been  determined  here. 
However,  the  green  PL  at  ~2.40eV  is  typical  for 
Ga-rich  and  S-deficient  single  crystals  [10].  Bellabarba 
et  al.  [5]  deduced  from  absorption  measurements 
that  the  dominant  acceptor  in  such  material  is  89meV 
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above  the  valence  band  and  ascribed  it  to  the  Cu- 
vacancy  (KCu).  It  should  also  be  noted  that  Zhang  et  al. 

[3]  recently  calculated  that  for  n-type  CuInSe2  (i.e. 
Se-poor  material),  the  Cuin-antisite  has  the  lowest 
formation  energy  in  Cu-rich  material,  while  the  KCu 
has  the  lowest  formation  energy  in  In-rich  material.  If 
the  same  order  holds  for  the  corresponding  defects  in 
CuGaS2,  it  would  fit  in  excellently  with  the  above 
assignments.  However,  in  the  absence  of  calculated 
defect  formation  energies  for  CuGaS2,  any  defect 
assignment  remains  speculative. 
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Abstract 

CuYS  is  one  of  the  most  prevalent  minor  phases  co-existing  in  CuInS2  films.  In  order  to  understand  its  influence  on 
CuInS?,  we  first  focus  our  study  on  the  binary  compound  CuAS.  Cu2S,  and  CuS  films  were  deposited  on  float  glass 
substrates  using  a  reactive  RF  sputter  process  with  optimized  sputter  parameters,  such  as  power,  temperature  of  the 
substrate,  and  the  gas  flow  of  the  H2S.  X-ray  diffraction  spectra  showed  that  the  Cu2S  films  have  (002)  preferential 
orientation,  and  both  compounds  have  a  hexagonal  structure.  The  surface  morphology  and  the  composition  of  the 
layers  were  analyzed  by  atomic  force  microscopy  and  Rutherford  back- scattering  spectroscopy,  respectively.  X-ray 
photoelectron  spectroscopy  and  ultraviolet  photoelectron  spectroscopy  were  used  to  characterize  the  layer  surfaces,  as 
well  as  the  surface  composition.  Hall-effect  measurements  were  carried  out  to  determine  the  electrical  properties  of  the 
films.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  68.55.— a;  73.61 -r;  79.60.Bm 

Keywords:  CuvS;  Thin  films;  RF  sputtering;  Hall-effect  measurement 


1.  Introduction 

With  a  direct  band  gap  of  1.55  eV  and  a  high 
absorption  coefficient  of  more  than  101 * * 4cm_1,  CuInS2 

(CIS)  has  been  regarded  as  a  promising  absorber  for  thin 
film  solar  cell  applications  [1].  So  far,  solar  cells  based  on 

the  CIS  have  achieved  an  energy  total  area  conversion 
efficiency  of  1 1 .4%  [2].  CuAS  is  one  of  the  most  prevalent 
minor  phases  co-existing  in  the  CIS  films  independent 
from  the  production  techniques  and  plays  an  important 
role  both  on  the  structural  and  electrical  properties  of 
the  CIS.  On  the  other  hand,  the  CuAS  (x  =  1-2)  thin  films 
themselves  are  of  interest  due  to  numerous  technological 
applications  such  as  in  applications  of  solar  cells  [3],  in 
photothermal  conversion  of  solar  energy  as  solar 
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absorber  coatings  [4],  and  as  selective  radiation  filters 
in  architectural  windows  [5],  as  well  as  in  electrocon- 
ductive  coatings  deposited  on  organic  polymers  [6].  So  it 
is  important  and  interesting  to  study  CuAS  films  from 
both  points  of  view. 

Up  to  date,  several  methods  have  been  used  to 
produce  CIS  and  CuAS  films  [1,7].  The  sputtering 
technique  has  the  potential  for  industrial  applications 
due  to  its  advantages  of  simple  and  flexible  control  of 
the  film  stoichiometry  over  a  large  scale  at  relatively  low 
cost.  The  initial  goal  of  this  work  is  to  deposit  CIS  films 
by  radio  frequency  (RF)  reactive  sputtering  in  one  step. 
Prior  to  this,  CuAS  films  have  been  prepared  by  the  same 
process  for  comparison. 


2.  Experimental 

CuAS  films  were  prepared  on  bare  float  glass 
substrates  by  a  reactive  sputtering  process.  High-purity 
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(99.999%)  argon  was  used  to  provide  the  plasma  at  a 
base  pressure  of  10  6Torr,  and  H2S  (purity:  98.0%)  was 
injected  as  reactive  gas  during  the  sputtering.  A  metallic 
99.999%  Cu  circular  plate  with  a  diameter  of  10.16cm 
was  used  as  the  sputter  target.  The  RF  power  was  in 
the  range  between  50  and  300 W  (0.62-3.70 W cm  2), 
while  the  H2S  flow  was  varied  from  2.0  to  10  seem.  The 
substrate  temperature  was  changed  from  room  tempera¬ 
ture  to  500  C.  Typically  the  film  thickness  was  in  the 
range  between  50  and  600  nm  mainly  depending  on  the 
sputtering  power  and  time. 

The  structure  of  the  layers  was  studied  by  X-ray 
Diffraction  (XRD)  using  a  Siemens  D5000  diffract¬ 
ometer  with  Cu  K,,  (/  =  1.5418  A)  radiation.  The  sur¬ 
face  morphology  of  the  layers  was  studied  by 
atomic  force  microscopy  (AFM).  Photoemission 
(XPS,UPS)  experiments  were  performed  using  a  VG 
ESCA  system  at  a  photon  energy  of  1 253.6 eV  (MgK7 
radiation).  The  sample  surface  was  sputtered  with  4  kV 
Ar  ions.  The  electrical  properties,  such  as  the 
carrier  concentration.  Hall  mobility,  and  specific 
resistivity  of  the  films  were  characterized  by  Hall-effect 
measurements  in  the  temperature  range  between  77  and 
400  K. 


3.  Results  and  discussion 

3.1.  X-ray  diffraction 

Fig.  1  shows  the  XRD  spetra  of  0~20  mode  of  three 
samples,  and  the  standard  JCPDS  patterns  of  Cu,  Cu2S 
and  CuS  for  comparison.  It  is  clearly  seen  that  pure  Cu 
co-exists  in  the  film  when  the  H2S  flow  is  too  low 
(Fig.  la).  The  pure  Cu2S  films  with  hexagonal  structure 
can  be  obtained  when  the  H2S  flow  is  sufficient,  i.e.  in 
the  range  of  5.0-9.0sccm.  These  films  have  highly  (002) 
preferential  orientation  (Fig.  lb),  since  only  reflections 
from  the  (0  0  2),  (0  0  4),  and  (0  0  6)  planes  are  detected  by 
the  XRD.  The  full-width  at  half-maximum  (FWHM)  of 
the  (004)  diffraction  peak  is  about  0.24',  which  means 
the  crystallinity  of  the  films  is  very  good.  In  our 
experiments,  the  main  parameter  for  controlling  the 
Cu/S  ratio  of  the  films  is  the  H2S  flow,  as  well  as  the 
sputter  power.  By  increasing  the  H2S  (low  and  decreas¬ 
ing  the  sputter  power  at  the  same  time,  pure  CuS  films 
with  hexagonal  structure  were  deposited  (see  Fig.  1c). 
These  films  are  randomly  distributed  polycrystalline 
films. 

3.2.  Atomic  force  microscopy  and  scanning  electron 
microscopy 

The  Cu  cones  segregation  on  the  surface  of  the 
samples  sputtered  with  insufficient  H2S  flow  can  be 
directly  observed  by  scanning  electron  microscopy 
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Fig.  1.  The  XRD  spectra  of  samples  sputtered  under  different 
conditions.  Sample  (a)  was  sputtered  at  500  C  with  a  sputter 
power  of  200  W  and  H:S  flow  or  3.5  seem;  sample  (b)  was 
sputtered  at  room  temperature  with  a  sputter  power  of  200  W 
and  H:S  flow  of  8.0  seem:  and  sample  (c)  was  sputtered 
at  200  C  with  a  sputter  power  of  50  W  and  H2S  flow  of 
10.05  seem. 


(SEM)  as  shown  in  Fig.  2a.  This  confirms  the  XRD 
measurement  on  the  same  sample  (Fig.  la).  Both  pure 
Cu2S  and  CuS  films  have  very  good  crystallinity,  which 
is  not  only  indicated  by  the  XRD  measurements,  but 
also  directly  supported  by  the  AFM  images  of  the 
surface  of  the  samples  (see  Fig.  2b-e).  While  the  Cu2S 
film  has  an  average  grain  size  of  about  200  nm,  the  CuS 
films  show  relatively  smaller  grains  of  around  80  nm. 
which  is  mainly  due  to  the  relatively  lower  sputter 
power.  Compared  with  the  CuS  films,  the  Cu2S  films 
show  more  uniform  and  well-grown  columnar  grains  on 
the  surface. 


3.3.  X 'PS  and  UPS  characterization 

For  surface  characterization,  XPS  and  UPS  studies  of 
CuvS  samples  with  varying  x  values  were  carried  out. 
The  spectra  were  obtained  from  films  cleaned  by  a  short 
Ar  1  ion  etching  prior  to  the  measurement  to  remove  the 
surface  contaminants.  Two  different  samples  were 
chosen  for  comparison:  a  CuS  film  with  a  Cu/S  ratio 
of  1  :  1  and  another  with  a  Cu/S  ratio  of  3 : 2.  These 
stoichiometry  values  were  calculated  by  quantitative 
analysis  of  the  XPS-spectra  (Fig.  3a  and  b). 

The  UPS  spectra  of  these  two  films  are  shown  in 
Fig.  3c.  The  most  striking  difference  is  a  shift  of  curve  A 
(stoichiometric  CuS)  towards  lower  binding  energies. 
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Fig.  2.  The  SEM  and  AFM  images  of  the  surface  of  different  samples,  (a)  The  SEM  image  of  Cu  cones  on  the  surface  of  sample  (a)  of 
Fig.  1;  (b)  two-dimensional  and  (c)  three-dimensional  AFM  images  of  sample  (b)  of  Fig.  1;  (d)  two-dimensional  and  (e)  three- 
dimensional  AFM  images  of  sample  (c)  of  Fig.  1 . 


The  valence  band  maximum  reaches  the  Fermi  energy 
at  OeV,  indicating  the  metallic  properties  of  the  film. 
Curve  B  (Cu-rich  sample)  is  clearly  recognizable  as 
semiconducting  due  to  its  gap  of  0.5  eV  between  the 
valence  band  maximum  and  the  Fermi  energy.  The  XPS 
spectra  (Fig.  3a  and  b)  show  the  same  shift  switching 
from  the  metallic  to  the  semiconducting  state. 

3.4.  Hall-effect  measurements 

Hall-effect  measurements  were  carried  out  to  study 
the  electrical  properties  of  the  CU2S  and  CuS  films.  The 
carrier  (hole)  concentrations,  Hall  mobilities,  and 
specific  resistivities  of  the  Cu2S  films  range  from 


1  x  1018  to  3  x  1019cm“3,  10  to  4cm2  V_1s_1,  and  0.8 
to  0.04  D  cm,  respectively,  within  the  temperature  inter¬ 
val  from  90  to  400  K.  At  room  temperature,  the  values 
are  1.0  x  1019cm-3,  6cm2V_1s_1,  and  0.1  Q  cm,  respec¬ 
tively,  which  is  in  agreement  with  the  results  of  Ref.  [8]. 
In  principle,  the  hole  concentration  p  is  dependent  on 
the  temperature  by 

/7ocexp[-A£A/A:r],  (1) 

where  A E\  is  the  activation  energy  of  the  acceptor,  k  is 
the  Boltzmann  constant,  and  T  is  the  temperature.  A 
semi-log  plot  of  the  hole  concentration  versus  the 
reciprocal  temperature  for  a  typical  Cu2S  film  is 
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Fig.  3.  The  XPS  spectra  of  Cu2p  (a)  and  S2p  (h)  peaks,  and  the  UPS  spectra  (c)  of  two  films:  A:  CuS  and  B:  Cu:,S:. 


Fig.  4.  The  temperature  dependence  of  the  hole  concentration 
of  the  Cu2S  films. 


Fig.  5.  The  temperature  dependence  of  the  specific  resistivity  of 
the  CuS  films  and  Cu2S  films. 


presented  in  Fig.  4.  Three  activation  energies  can  be 
estimated  as  106  +  5,  38  +  2,  and  4meV,  respectively.  The 
first  two  are  in  line  with  the  results  given  by  Ref.  [8],  and 
may  be  related  to  intrinsic  acceptors  i.e.  the  Cu 
vacancies.  The  small  activation  energy  observed  at  low 
temperatures  indicates  hopping  transport. 

Compared  with  Cu2S,  CuS  has  a  much  higher  carrier 
concentration  (hole)  of  around  1022cm  \  which  results 
in  a  remarkably  lower  resistivity  of  about  10  4  Q  cm.  The 
resistivity  increases  with  temperature  slightly  and  almost 
linearly  (see  Fig.  5),  which  is  the  typical  characteristic  of 
the  metallic  phase,  in  good  agreement  with  the  XPS  and 
UPS  results.  The  CuS  film  has  a  lower  Hall  mobility  than 
the  Cu2S  in  the  range  of  l-4cm2  V"  1  s“‘  mainly  due  to 
the  higher  carrier  concentration. 

4.  Conclusion 

Cu2S  and  CuS  films  with  good  crystallinity  have  been 
deposited  on  bare  float  glass  substrates  by  RF  reactive 
sputtering.  Both  films  have  hexagonal  crystal  structures 
at  RT  as  studied  by  the  XRD.  Typically  Cu2S  films  are 
highly  (00  2)  oriented  with  the  FWHM  of  the  (004) 
peak  of  about  0.24' .  There  are  Cu  precipitate  cones 
coexisting  in  the  Cu2S  films  when  the  H2S  flow  during 
sputtering  is  not  high  enough.  Two  activation  energies 
related  to  the  intrinsic  defects  in  the  Cu2S  films  have 
been  found  by  Hall-effect  measurements.  The  CuS  is  in 
the  metallic  phase  at  RT,  and  has  a  relatively  high 
carrier  concentration  around  1022cm~\  a  much  lower 
resistivity  of  about  10  4 Hem.  and  a  slightly  lower  Hall 
mobility  of  about  3  cm2  V  1  s  1  compared  with  the  semi¬ 
conducting  phase  Cu2S. 
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Abstract 

nh!l!!vthna^COmPO«?drmiCOn^UCt0r  CuInS;  has  a,trac,ed  much  attention  owing  to  its  potential  applications  in 
photovoltaic  devices.  We  depos.t  CuInS,  films  on  float  glass  substrates  by  a  reactive  radio  frequency  sputter  process 
using  a  Cu-In  inlay  target  and  H:S  gas  in  one  step.  The  morphology  of  the  films  was  studied  by  Atomic  Force 
Microscopy  X-ray  Diffraction  was  used  to  check  the  crystal  structure  of  the  films.  The  composition  of  the  layers  was 
determined  by  Rutherford  Back-scattering  Spectroscopy  and  Energy-Dispersive  X-ray  Analysis.  The  electrical 
properties  of  the  layers,  i.e.  the  carrier  concentration.  Hall  mobility,  and  specific  resistivity  and  their  dependencies  on 
temperature  were  investigated  by  Hall  effect  measurements.  0  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  CuInS::  Thin  films;  Photovoltaic;  Defects 


1.  Introduction 

Recently  the  ternary  compound  semiconductor 
CuInS2  (CIS)  has  attracted  much  attention  due  to  its 
potential  applications  in  photovoltaic  devices.  Solar  cells 
based  on  CIS  with  a  total  area  efficiency  of  1 1.4%  have 
been  demonstrated  using  a  rapid  thermal  process  [1]. 
Usually,  Cu-rich  films  are  grown  for  efficient  solar  cells, 
which  leads  to  the  formation  of  a  CuS  secondary  phase 
on  the  film  surfaces.  This  phase  is  subsequently  removed 
by  chemical  etching  with  potassium  cyanide  (KCN). 
From  In-rich  films,  on  the  other  hand,  in  which  CuIn5Ss 
or  In2S3  secondary  phases  co-exist,  it  was  not  possible  to 
produce  efficient  solar  cell  devices  [2,3]. 

We  try  to  prepare  CIS  films  by  a  radio  frequency  (RF) 
reactive  sputter  process,  using  a  Cu-In  inlay  target  with 
H2S  as  reactive  gas  in  one  step.  The  crystallinity  of  the 
as-sputtered  films  is  studied  by  X-ray  diffraction  (XRD) 
measurements,  which  indicate  that  the  films  are  highly 
(1  12)  oriented  CIS  films.  The  composition  character¬ 
ization  of  the  films  by  both  Rutherford  back-scattering 

♦Corresponding  author.  Tel.:  +49-641-99-33] 37-  fax*  +49- 
641-99-33119. 

E-mail  address:  yunbin.hcto  phvsik.uni-gicssen  de 
(Y.B.  He). 


spectroscopy  (RBS)  and  energy-dispersive  X-ray  analy¬ 
sis  (EDX)  reveals  that  the  films  are  extremely  Cu-rich. 
i.e.  the  Cu  to  In  ratio  strongly  deviates  from  1.  To 
resolve  the  contradiction  between  XRD  and  composi¬ 
tion  results,  only  the  Cu-S  binary  compound  has  been 
sputtered  in  the  same  equipment  using  a  pure  Cu  target 
and  H2S  gas.  XRD  shows  that  the  sputtered  CuYS  films 
are  also  highly  oriented,  and  their  XRD  peaks  are  very 
close  to  that  of  as-sputtered  “CIS"  films.  This  indicates 
that  the  main  phases  of  our  “CIS"  films  are  CuS  and 
Cu2S,  which  clarifies  the  problem  mentioned  above. 


2.  Experimental 

Cu-In-S  films  were  prepared  on  bare  float  glass 
substrates  by  a  reactive  sputter  process  with  a  conven¬ 
tional  RF  (13.56  MHz)  sputter  setup.  High  purity 
(99.999%)  argon  was  used  to  provide  the  plasma  at  a 
base  pressure  of  10  6Torr,  and  H2S  (purity:  98.0%)  was 
introduced  as  reactive  gas  during  the  sputtering.  A  Cu 
metal  disk  inlayed  by  In  with  the  area  ratio  Cu/In  about 
1  and  diameter  of  10.16cm  was  used  as  sputter  target. 
The  RF  sputter  power  was  in  the  range  between  100  and 
500  W  (1.23-6.15  Wcm'  2),  while  the  H2S  flow  was 
varied  from  3  to  10  seem.  The  substrate  temperature 
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was  changed  from  room  temperature  to  400°C.  Typi¬ 
cally  the  as-sputtered  film  thickness  was  in  the  range 
from  175  to  1000  nm  within  a  sputter  time  between  5  and 
30  min. 

The  structures  of  the  layers  were  studied  by  XRD 
using  a  Siemens  D5000  diffractometer  with  Cu  Ka 
(2  =1.5418  A)  radiation.  Atomic  force  microscopy 
(AFM)  was  used  to  observe  the  surface  morphology  of 
the  layers.  The  composition  of  the  layers  was  analyzed 
by  EDX  (SiLi-detector  with  an  ultrathin  window 
(UTW)  installed  in  a  Philips  XL20  SEM  equipment) 
and  RBS,  respectively.  The  electrical  properties  of  the 
films  in  the  range  between  77  and  400  K  were 
characterized  by  Hall  effect  measurements. 


3.  Results  and  discussion 

Fig.  1  shows  the  AFM  images  on  the  surface  of  a 
typical  film,  which  was  sputtered  for  15  min  at  200°C 
with  a  sputter  power  of  300  W  and  a  H2S  flow  of 
8.0 seem.  The  surface  is  smooth  with  the  root  mean 
square  (RMS)  roughness  of  4.05  nm,  which  is  derived  by 
AFM,  consisting  of  uniformly  sized  and  densely  packed 
grains.  The  columnar-shaped  and  well-grown  grains  are 
distributed  with  an  obviously  preferential  orientation  as 
shown  in  Fig.  la  and  b,  which  is  also  revealed  by  XRD 
measurements  (see  below). 

A  typical  XRD  spectrum  of  sputtered  film  is  shown  in 
Fig.  2a.  There  are  only  three  diffraction  peaks  appearing 
at  20  of  27.80°,  54.40°,  and  57.40°,  which  seem  to 
correspond  to  the  (1  1  2),  (1  1  6),  and  (2  2  4)  peaks  of  CIS, 
respectively,  as  compared  with  the  standard  CIS  pattern: 
Joint  Committee  on  Powder  Diffraction  Standards 
(JCPDS)  file  27-0159.  It  seems  that  the  film  is  a  nearly 
stoichiometric  CIS  film  with  a  (112)  preferential 
orientation  in  accordance  with  AFM  measurements 
described  above.  However,  the  composition  analysis  as 
examined  by  RBS  shows  a  surprising  result — the  film  is 
extremely  Cu-rich,  and  there  is  only  very  little  In  content 
in  the  film  with  Cu  49%,  In  4%,  S  47%,  respectively  (see 
Fig.  3a).  To  be  sure,  EDX  measurements  (Fig.  3b)  have 
been  carried  out  from  the  cross  section  of  the  same 
sample.  A  comparable  result  with  RBS  has  been 
obtained:  Cu  50%,  In  8%,  S  42%,  respectively,  which 
means  that  the  In  content  is  too  low  throughout  the 
whole  layer,  not  only  in  the  surface  region,  but  also  in 
the  bulk  material.  Usually,  for  Cu-rich  CIS  films 
deposited  by  other  techniques,  there  is  only  In  deficiency 
on  the  surface  due  to  secondary  phases  such  as  CuS  and 
Cu2S  segregations  [2].  However,  our  sputtered  films  are 
completely  non-stoichiometric  CIS  with  a  low  In  content 
through  the  whole  layer  in  a  way  contradicting  with  the 
XRD  measurements. 

In  order  to  clarify  the  problem,  Cu-S  binary 
compound  films  were  sputtered  with  identical  para- 


Fig.  1.  AFM  images  on  the  surface  of  a  typical  as-sputtered 
film,  (a)  Top  view  (two-dimensional),  (b)  Three-dimensional 
image  with  the  same  Z  scale  as  X,  Y.  (c)  Three-dimensional 
image  with  the  Z  scale  from  0  to  60  nm. 


meters  for  comparison.  As  can  be  seen  in  Fig.  2b  the  as- 
sputtered  Cu2S  film  is  completely  oriented  with  (002) 
plane  parallel  to  the  substrate,  and  its  (002),  (004) 
diffraction  peaks  overlap  exactly  with  two  peaks  of 
“CIS”  around  26.45°  and  54.40°,  which  means  the 
formerly  identified  “CIS”  (1  1  6)  peak  actually  originates 
mainly  from  Cu2S  (0  0  4).  Similarly,  comparing  the  XRD 
of  the  “CIS”  film  with  that  of  CuS,  one  can  clearly  see 
that  the  formerly  identified  “CIS”  (112)  and  (224) 
peaks  are  mainly  from  CuS  (101)  and  (202)  peaks, 
respectively.  Now,  our  puzzle  about  the  conflict  between 
XRD  and  composition  measurements  has  been  clarified. 
The  sputtered  “CIS”  films  consist  of  three  phases:  CuS, 
Cu2S,  and  CuInS2,  and  the  In  to  Cu  ratio  strongly 
deviates  from  1 .  Although  in  Ref.  [4]  it  is  reported  that 
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Fig.  2.  (a)  Typical  XRD  spectra  of  an  as-sputtcred  “CIS”  film: 
(b)  Comparison  of  XRD  spectra  of  sputtered  a  “CIS”  film  and 
a  Cu2S  film;  (c)  Comparison  of  XRD  spectra  of  sputtered  a 
“CIS”  film  and  a  CuS  film. 


stoichiometric  CIS  films  can  be  produced  by  a  DC 
reactive  sputtering  process  using  a  fan-shaped  Cu  and  In 
metal  target  with  CS2  introduced  as  reactive  gas, 
according  to  our  experiments,  it  is  hardly  possible  to 
deposit  stoichiometric  CIS  films  by  a  reactive  sputtering 
process  using  a  Cu-In  inlay  metallic  target  with  a  H2S 
gas  flow.  We  noticed  that  there  is  a  black-colored  top 
layer  covering  the  surface  of  the  In  inlay  after  the  target 
has  been  sputtered  for  several  ten  times.  We  speculate  it 
is  an  In-S  compound  due  to  the  reaction  of  the  metallic 
In  with  the  H2S  gas  during  sputtering.  This  top  layer  on 


Fig.  3.  Composition  characterization  of  a  typical  film  by  (a) 
RBS  and  (b)  EDX. 


the  In  inlay  reduces  the  sputter  rate  of  In.  and  results  in 
a  considerably  lower  In/Cu  ratio  in  the  sputtered  films. 
So  the  In/Cu  ratio  in  the  sputtered  films  not  only 
depends  on  its  area  ratio  in  the  target,  but  is  also 
influenced  by  the  H2S  flow  amount  and  period.  There¬ 
fore,  the  content  of  Cu  and  In  in  the  layers  may  strongly 
and  in  a  delicate  way  deviate  from  its  original  ratio  in 
the  target.  By  using  a  Cu-In  alloy  target  instead  of  the 
inlay  target  the  problem  described  above  has  been 
overcome,  and  nearly  stoichiometric  CIS  films  have  been 
deposited  by  the  same  sputtering  process  [5]. 

Characterization  of  the  electrical  properties  of  the 
films  were  done  by  Hall  effect  measurements.  In  general, 
the  carrier  concentration.  Hall  mobility  and  specific 
resistivity  of  the  sputtered  Cu-rich  “CIS"  films  are  in 
the  range  between  3.55  xlO17  to  1.58  x  10IlJcm~ 3, 
4.15  to  1.15cm2V  *s  and  4.24  to  0.35  D  cm,  respec¬ 
tively,  for  temperatures  between  77  and  350  K.  Com¬ 
pared  with  stoichiometric  CIS  single  crystals  and  thin 
films,  the  Cu-rich  “CIS"  films  have  hole  concentrations 
2-3  orders  of  magnitude  higher  [6,7].  This  is  partly  due 
to  CuS  and  Cu2S  phases  co-existing  in  the  films.  It  is 
known  that  CuS  is  metallic  at  room  temperature  (RT) 
with  a  hole  concentration  of  about  1022cm“\  Cu2S  is  a 
semiconductor  but  can  have  also  relatively  high  hole 
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Fig.  4.  The  temperature  dependence  of  carrier  concentration  of 
a  sputtered  Cu-rich  “CIS”  film. 


concentrations  around  1019cm“3  at  RT  [8,9].  By  a  linear 
fit  to  the  carrier  concentration  dependence  on  tempera¬ 
ture  (Fig.  4),  two  thermal  activation  energies  of  126+4 
and  19±2meV  can  be  deduced. 


4.  Summary  and  conclusions 

Cu  rich  Cu-In-S  films  with  good  crystallinity  were 
deposited  on  float  glass  substrates  by  a  RF  reactive 
sputter  process  using  a  Cu-In  inlay  target  with  H2S  as 
reactive  gas  in  one  step.  The  In/Cu  ratio  in  the  sputtered 
films  is  much  less  than  1  although  its  ratio  is  nearly  1  in 
the  target.  It  not  only  depends  on  the  different  sputter 
yield  of  In  and  Cu,  but  is  also  influenced  by  an 
additional  layer  covered  on  the  surface  of  the  In  inlay 
due  to  the  reaction  of  H2S  and  In  inlay  during 
sputtering.  The  sputtered  film  consists  of  CuS,  Cu2S, 
and  CuInS2  phases,  which  results  in  a  strong  deficiency 


of  In  in  the  layer.  It  is  not  always  reliable  to  characterize 
the  composition  by  XRD  only.  The  combination  with 
other  kinds  of  methods  for  composition  examination  is 
necessary,  especially  when  the  film  is  highly  oriented  and 
only  very  few  diffraction  peaks  show  up  in  the  XRD 
spectrum.  The  hole  concentrations  of  the  as-sputtered 
Cu-rich  “CIS”  films  range  between  3.55  x  1017  and 
1.58  x  10,9cm_\  for  temperatures  between  77  and 
350  K.  The  carrier  concentration  can  be  tuned  from 
1019  to  10* 7 cm"3  by  using  a  Cu-In  alloy  target  as  shown 
in  Ref.  [5].  From  the  sputtering  process  there  is  still 
enough  freedom  to  produce  CIS  films  appropriate  for 
solar  cells. 
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Abstract 

In  this  work,  electrically  detected  magnetic  resonance  (EDMR)  at  X-band  is  used  to  study  the  electronic  properties  of 
poly(2-metoxy-5-(2'-etil-hexiloxy)- 1 ,4-phenylene  vinylene)  (MEH-PPV)  light-emitting  diodes  (LEDs).  The  EDMR 
signal  from  MEH-PPV  LEDs  is  found  to  be  composed  of  two  lines,  a  Lorentzian  with  peak-to-peak  linewidth  of  5G. 
and  a  Gaussian  with  peak-to-peak  linewidth  of  24  G.  The  (/-factor  of  both  the  components  is  about  2.002.  The  EDMR 
signal  amplitude  is  typically  10  " ,  and  only  observed  at  forward  bias,  for  V  >  10  V.  The  signal  is  a  quenching,  and  is 
assigned  to  the  spin-dependent  fusion  of  two  like-charged  polarons  to  spinless  bipolarons.  The  Lorentzian  component  is 
attributed  to  positive  polarons  fusion,  and  the  Gaussian  to  negative  polarons.  The  EDMR  signal  is  found  to  depend  on 
the  process  of  carrier  injection,  polaron  mobility,  temperature  and  indirectly  on  bipolarons.  <f;.  2001  Elsevier  Science 
B.V.  All  rights  reserved. 

Keywords:  MEH-PPV;  LED;  Magnetic  resonance 


1.  Introduction 

One  of  the  most  promising  polymers  is  PPV  and  its 
derivatives,  showing  good  processibility  and  efficiency  in 
optoelectronic  devices  [1],  Among  the  various  techni¬ 
ques  of  investigation,  electron  spin  resonance  (ESR)  has 
been  used  intensively  [2],  since  it  enables  one  to  directly 
“see’*  the  polaron.  a  paramagnetic  charge  carrier 
species,  which  plays  a  major  role  in  the  physics  of 
conjugated  polymers.  On  the  contrary,  electrically 
detected  magnetic  resonance  (EDMR),  which  has 
provided  insight  into  various  transport  and  recombina¬ 
tion  processes  in  a  wide  array  of  semiconductors,  has 
not  been  used  frequently  [3],  In  an  EDMR  experiment, 
microwave-induced  changes  in  the  conductivity  are 
measured  as  the  sample  is  subjected  to  a  swept  DC 
magnetic  field. 
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2.  Experimental  details 

The  poly(2-metoxy-5-(2/-etil-hexiloxy)- 1 ,4-phenylene 
vinylene)  (MEH-PPV)  were  obtained  through  standard 
procedures  [4].  The  LED  was  made  using  ITO-coated 
glass  as  the  positive  electrode.  Over  the  ITO.  a  film  of 
MEH-PPV  was  spin  coated  using  chloroform  as  solvent. 
Thermally  evaporated  A1  was  used  as  the  negative 
electrode.  Typical  MEH-PPV  film  thickness  was  around 
360 nm.  EDMR  measurements  were  done  using  a 
modified,  computer  interfaced  Varian  E-4  X-Band 
spectrometer  in  the  temperature  range  of  145-300  K. 
In  order  to  avoid  degradation  induced  by  02  or  H20, 
the  sample  was  maintained  under  a  nitrogen  flux.  The 
spin-dependent  changes  of  conductivity  were  measured 
by  modulating  the  static  magnetic  field  (Hu)  and  using 
lock-in  detection  of  the  resonant  current  changes. 

The  results  discussed  are  obtaining  from  the  investi¬ 
gation  of  about  7  diodes.  An  intrinsic  problem  found  in 
the  investigation  of  these  devices  was  the  poor  reprodu¬ 
cibility  of  the  device  itself.  For  example,  the  active  layer 
thickness  varied  from  sample  to  sample;  these  variations 
were  reflected  in  the  device  operation  characteristics,  in 
special  the  luminescence  efficiency,  and  the  /  x  V  curves. 
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The  devices  investigated  were  not  encapsulated,  and 
even  though  we  have  avoided  exposing  the  diode  to  air 
and/or  light,  which  are  known  to  be  responsible  for  the 
device  degradation  [5],  the  operation  lifetime  was  hardly 
longer  than  lOOh.  We  have  tried  to  work  as  close  as 
possible  to  the  room  temperature,  in  an  attempt  to  make 
sure  that  the  transport/recombination/injection  process 
that  we  observe  are  those  that  are  important  for  the 
commercial  use  of  these  devices. 


3.  Results  and  discussion 

Fig.  1  shows  the  typical  EDMR  spectra  from  different 
MEH-PPV  light  emitting  diodes.  The  signal  could  only 
be  observed  in  forward  bias.  From  a  phase  analysis 
dependence  on  modulation  frequency,  it  is  found  to  be  a 
quenching  signal,  or  in  other  words,  the  conductivity  of 
the  device  decreases  in  resonance.  The  LEDs  spectra  in 
Fig.  1  have  different  emission  efficiencies,  decreasing 
from  (a)  to  (c).  Notice,  however,  that  the  I  x  V 
characteristics  of  these  samples  are  quite  comparable. 
For  the  conditions  shown,  F^18V  and  T »200K,  the 
current  was  around  2  x  10-4  A.  In  fact,  the  LED  whose 
spectra  are  shown  in  Fig.  1(c)  had  an  electrolumines¬ 
cence  that  could  not  be  seen  by  naked  eyes.  The  spectra 
in  general  can  be  simulated  by  the  composition  of  two 
lines,  a  Lorentzian  and  a  Gaussian.  The  ^-factor  of  both 
lines  varies  from  sample  to  sample  between  2.001  and 
2.003.  The  origin  of  the  variation  in  g- factor  is  not  well 
known;  however,  the  values  are  closer  to  those  of 
commonly  found  for  positive  or  negative  polarons  in 
conjugated  conductive  polymers  [3].  The  Lorentzian  line 
has  a  peak-to-peak  linewidth  of  5. 0  +  0. 5  G,  while  the 
Gaussian  line  has  A/7PP  =  24  + 1  G.  Care  was  taken  so 
that  the  signals  were  not  saturated.  In  the  worst 


situation,  saturation  started  at  about  20  mW.  As  can 
be  seen  in  Fig.  1,  the  relative  intensities  of  both  Gaussian 
and  Lorentzian  lines  are  dependent  on  the  light  emitting 
efficiency;  the  bad  emitter  has  the  highest  Lorentzian/ 
Gaussian  line  amplitude  ratio.  In  fact,  for  the  sample 
just  mentioned  the  Gaussian  component  is  hardly 
observable. 

In  the  samples,  where  the  Gaussian  component  had  a 
significant  amplitude,  it  was  observed  that  apart  from 
the  in-phase  signal,  there  was  also  a  signal  in  quad¬ 
rature.  By  the  adequate  change  in  phase  settings,  in  fact, 
the  Gaussian  component  could  be  isolated.  This 
phenomenon  has  been  well  described  by  Dersch  et  al. 
[6]  in  a-Si :  H.  It  happens  when  the  EDMR  components 
obtained  from  process  have  different  response  times. 
Thus,  the  fact  that  we  do  observe  such  an  effect  is  an 
indication  that  the  Gaussian  and  Lorentzian  lines  come 
from  different  spin  dependent  transport  processes  in  the 
diode.  In  some  diodes  it  was  possible  to  observe  not  just 
an  EDMR  signal  but  also  the  conventional  ESR  signal. 
The  ESR  lineshape  in  all  cases  could  be  well  fitted  using 
the  parameters  of  the  Lorentzian  line  found  in  the 
EDMR  spectra. 

In  Fig.  2,  the  EDMR  signal  (Aer/er)  is  plotted  against 
the  bias  voltage  as  filled  symbols,  for  two  different 
samples.  In  the  same  plot,  the  signal-to-noise  (SjN)  ratio 
as  a  function  of  bias  voltage  is  plotted  for  one  of  the 
samples  as  open  circles.  Notice  that  the  two  samples 
present  more  or  less  the  same  behavior.  However,  the 
absolute  value  of  the  EDMR  signal  is  different  by  a 
factor  of  2-3.  We  have  observed  that  for  the  same  diode, 
normally  near  the  end  of  its  operation  lifetime,  the 
EDMR  signal  could  decrease  by  as  much  as  a  factor  of 
10  in  exactly  the  same  experimental  conditions.  For  both 
diodes,  10  V  is  just  when  the  diode  starts  to  emit  light. 
As  can  be  seen  for  V  <  17  V,  the  signal  increases,  remains 


Fig.  1.  Typical  EDMR  signal  for  different  MEH-PPV  LEDs. 
From  (a)  to  (c)  the  light  emission  efficiency  decreases. 


Fig.  2.  EDMR  signal  amplitude  (filled  triangles)  and  signal-to- 
noise  ratio  (open  circles)  as  a  function  of  bias  voltage,  for 
different  LEDs. 
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constant  up  to  V <21 V,  and  then  drops.  The  variations 
are  small,  of  the  order  of  a  factor  10  maximum.  This 
complex  behavior  is  not  understood  in  detail  at  present. 
However  one  important  point  to  note  is  that  for  these 
devices,  the  luminescence  is  not  homogeneous  for  the 
whole  sample,  it  is  in  fact  concentrated  in  certain  ‘hot' 
spots.  We  are  assuming  that  the  initial  increase  of  A<t/<t 
is  basically  derived  from  an  increase  in  the  number  or 
size  of  the  ‘hot'  spots.  As  the  current  injection  increases 
these  hot  spots  stabilize,  and  so  does  the  EDMR  signal 
amplitude.  For  very  high  injection,  a  significant  local 
temperature  increase  cannot  be  ruled  out,  increases  in 
temperature  are  followed  by  a  decrease  in  A  a  jo.  Note 
that  the  S/N  ratio  does  follow  a  similar  behavior,  and 
gives  further  support  to  the  simple  picture  just  described. 
The  consequence  of  having  both  a  decrease  in  signal 
amplitude  and  S/N  ratio,  turned  the  detection  at  lower 
voltages  (or  current  injection)  nearly  impossible. 

The  temperature  dependence  of  the  EDMR  signal 
depends  on  the  emitting  efficiency  of  the  diode.  For 
diodes  that  have  both  Gaussian  and  Lorentzian  lines  the 
temperature  dependence  for  T<220K  is  rather  weak, 
with  a  drop  when  the  T  reaches  room  temperature.  The 
diode  with  an  EDMR  signal  identified  as  ‘pure’ 
Lorentzian.  has  no  such  change  in  behavior  and  can 
be  simulated  by  Ac /ay:T'2-2.  This  temperature  beha¬ 
vior  is  not  understood  in  detail  at  present. 

EDMR  has  already  been  used  for  the  characterization 
of  similar  diode  structures  based  on  PPV,  summarized  in 
Ref.  [3].  However,  quite  different  results  have  been 
found  on  ITO/PPV/Ca  structures.  For  example,  the 
EDMR  signal  amplitude  was  found  to  be  as  strong  as 
10  \  and  temperature  independent  for  20  K<  T 
<296K.  The  origin  of  such  differences  between  the 
present  and  previous  studies  is  not  understood. 

EDMR  only  probes  paramagnetic  states  involved  in 
the  conduction  process.  As  a  consequence  bipolarons 
which  have  5  =  0  for  example,  are  not  observed  directly 
by  EDMR  (or  ESR).  The  two  components  observed  by 
EDMR  are  assigned  to  polaron-polaron  fusion,  which 
results  in  a  bipolaron  [3].  The  Lorentzian  line  is 
observed  in  ESR  as  well  as  in  the  EDMR  and  for 
ESR  assigned  to  positive  polarons.  As  mentioned 
earlier,  the  diodes  with  the  worst  light  emission  efficiency 
were  those  whose  Lorentzian  line  amplitude  was 
dominant.  One  possible  explanation  for  the  bad  EL 
efficiency  is  an  unbalanced  carrier  injection,  in  our  case  a 
poor  negative  polaron  injection.  Thus  a  surplus  of 
positive  carriers  exists  inside  the  bad  emitting  diode, 
which  correlates  with  a  higher  Lorentzian  line  ampli¬ 
tude.  Thus  we  attentively  assign  the  Lorentzian  line  to 
P  *  +  P  -*bp"  ,  while  the  Gaussian  line  is  attributed 

to  p  +  p  -►bp  .  The  differences  in  linewidth  are 
probably  derived  from  the  differences  in  mobility.  One 
could  expect  that  the  more  mobile  p  !  has  a  lineshape 


that  is  motionally  narrowed.  In  this  simple  explanation, 
the  difference  in  mobility  can  also  explain  the  quad¬ 
rature  signal.  However,  at  this  point  more  evidence  is 
needed  to  further  attest  this  proposition.  Note  that  the 
fact  that  the  amplitude  of  the  EDMR  signal  varies  from 
sample  to  sample  as  well  as  for  the  same  diode,  is  an 
indication  that  non-spin  dependent  transport  paths  are 
present  in  this  diode.  As  discussed  elsewhere  [7],  the 
effect  of  having  non-spin  dependent  transport  paths 
(bipolarons)  parallel  to  spin  dependent  ones,  is  an 
overall  decrease  in  Arr/cr. 


4.  Conclusions 

EDMR  has  been  used  to  study  the  transport/ 
recombination/injection  of  light  emitting  diodes  based 
on  MEH-PPV.  The  EDMR  signal  was  found  to  be 
composed  of  two  lines  a  (/-factor  around  2.002.  The  first 
line  can  be  fitted  by  a  Lorentzian  with  a  A//pp  = 
5.0  +  0.5G.  The  second  line  is  a  Gaussian  with  A//pp  = 
24+ 1G.  The  relative  amplitude  of  those  components 
was  found  to  be  dependent  on  light  emission  efficiency 
of  the  diode.  The  Lorentzian  is  dominant  for  bad 
emitters.  It  is  proposed  attentively  that  the  Lorentzian 
line  is  related  to  the  fusion  of  positive  polarons,  which 
creates  a  positive  bipolaron.  while  the  Gaussian  line 
comes  from  the  same  process  however  for  negative 
polarons.  It  is  found  that  EDMR  in  ITO/MEH-PPV/AI 
LEDs  can  qualitatively  provide  information  about 
carrier  injection,  polaron  mobilities  as  well  as  indirectly 
indicate  the  presence  of  bipolarons. 


Acknowledgements 

This  work  was  supported  by  FAPESP,  CNPq  and 
CAPES. 


References 


[1]  W.  Briitting.  S.  Berlcb,  A.G.  Miickl.  Ore.  Electron.  2  (2001) 
1. 

[2]  S.  Kuroda.  T.  Ohnishi.  T.  Nogushi.  Phvs.  Rev.  Lett.  72 
(1994)  286. 

[3]  J.  Shinar.  in:  H.S.  Nahva  (Ed.).  Handbook  of  Organic 
Conductive  Molecules  and  Polymers.  Vol.  3.  Wilev.  New 
York,  1997,  pp.  319  366. 

[4]  F.  Wudl.  G.  Srdanov.  US  Patent  No.  5,  189.  136,  1993. 

[5]  B.H.  Cumpton.  K.F.  Jensen.  Trends  Polvm.  Sci.  4  &  5 
(1996)  151. 

[6]  H.  Dersch.  L.  Schweitzer.  J.  Stuke.  Phvs.  Rev.  B  28  (1983) 
4678. 

[7]  C.F.O.  Graeff.  C.A.  Bruncllo,  J.  Non-Crystal  Solids  273 
(2000)  289. 


ELSEVIER 


Physica  B  308-310  (2001)  1081-1085 


www.e1sevier.com/locate/physb 


The  role  of  structural  properties  and  defects  for  the 
performance  of  Cu-chalcopyrite-based  thin-film  solar  cells 

Hans  Werner  Schock*,  Uwe  Rau 

Institutfur  Physikalische  Elektronik,  Universitat  Stuttgart,  Pfaffenwaldring  47,  D-70569  Stuttgart,  Germany 


Abstract 

Polycrystalline  thin-films  of  the  multinary  chalcopyrite  semiconductor  Cu(In,Ga)Se2.  are  very  well  suited  for  highly 
efficient  thin  film  solar  cells.  The  material  exhibits  an  astonishingly  broad  range  of  compositions  in  which  good  electronic 
properties  are  maintained.  This  article  analyses  some  important  aspects  of  the  defect  physics  and  defect  chemistry  of  this 
semiconductor  and  compares  recent  models  for  the  surface  of  polycrystalline  Cu(In,Ga)  Se2  and  their  consequences  for 
the  formation  of  the  ZnO/CdS/Cu(In,Ga)  Se2  heterojunction.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  68.35.Fx;  68.55.-a;  72.20.Jv;  72.40. +  w 
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1.  Introduction 

The  Cu-chalcopyrite  CuInSe2  and  its  alloys 
Cu(In,Ga)(Se,S)2  provide  the  absorber  material  for  the 
to  date  most  efficient  thin-film  solar  cells.  A  high  power 
conversion  efficiency  of  close  to  19%  obtained  with  an 
alloy  Cu(In,Ga)Se2  (with  a  Ga/(Ga  +  In)-ratio  »0.2)  [1] 
yet  challenges  the  conventional  wafer-based  polycrystal¬ 
line  silicon  solar  cell  technology.  The  usage  of  the 
complete  Cu(Ini_AGa.Y)(Se1_vSJ)2  alloy  system  is  inter¬ 
esting  when  aiming  towards  high  open  circuit  voltage 
solar  cells  as  the  band  gap  energy  Eg  of  CuInSe2 
increases  upon  alloying  with  Ga  and/or  S  [2].  Besides  the 
technologically  advantageous  features  including  the 
outstanding  radiation  hardness  of  CuInSe2  and  its  alloys 
[3,4],  the  Cu-chalcopyrites  attract  also  considerable 
scientific  interest  because  of  their  unusual  defect  physics: 
e.g.,  the  ability  to  form  electronically  inactive  defect 
complexes  [5]  explains  the  large  structural  tolerance  of 
these  materials  to  anion-cation  off-stoichiometry. 
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High-efficiency  Cu(In,Ga)Se2  solar  cells  are  produced 
either  by  co-evaporation  of  the  elements  onto  a  heated 
Mo-coated  glass  substrate  or  by  selenization  of  the 
stacked  elemental  layers.  The  use  of  glass  substrates 
restricts  the  temperature  for  the  film  growth  to  below 
600°C,  the  melting  point  of  glass.  The  photovoltaically 
active  polycrystalline  p-type  Cu(In,Ga)Se2  absorber  has 
a  typical  thickness  of  1.5-2  pm  and  a  grain  size  in  the  pm 
range.  The  device  is  completed  by  chemical  bath 
deposition  of  a  50  nm  thin  CdS  buffer  layer  and  by 
sputtering  of  an  n-type  ZnO  front  electrode  (for  recent 
reviews  on  device  technology  and  characterization,  see 
[6,7].  It  is  the  relative  ease  of  manufacturing  and  the 
large  process  window  for  producing  efficient  absorber 
layers  what  makes  Cu(In,Ga)Se2  a  very  promising 
candidate  for  large-scale  production  of  efficient  and 
cost-effective  photovoltaic  devices.  Prerequisites  for  an 
efficient  thin-film  photovoltaic  absorber  materials  are:  (i) 
The  possibility  to  grow  single-phase  material  of  good 
crystalline  quality,  i.e.,  in  a  multinary  compound  there 
should  be  some  tolerance  to  stoichiometry  deviations, 
(ii)  Growth  of  the  material  in  a  substrate  configuration 
implies  that  during  the  growth  process  an  ohmic  contact 
with  the  metal  on  the  glass  must  be  formed  which  should 
also  have  favourable  recombination  properties  for  the 
minority  carriers.  In  addition,  this  interface  plays  an 
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important  role  as  the  seed  for  the  growth  of  the 
polycrystalline  film,  (iii)  The  absorber  film  should  be 
thick  enough  to  absorb  all  sunlight  with  a  photon- 
energy  above  the  semiconductor’s  band  gap  and,  in 
same  time,  the  minority  carrier  diffusion  length  should 
be  large  enough  to  enable  collection  of  all  photogener¬ 
ated  charge  carriers,  (iv)  Intergrain  defects  should  be  few 
and/or  electronically  inactive,  unless  the  grain  size  does 
not  exceed  the  film  thickness  by  at  least  one  order  of 
magnitude  (what  is  not  the  case  in  Cu(In.Ga)Se:  thin 
films),  (v)  The  grains  should  contain  a  low  concentration 
of  electronically  active  (intra  grain)  defects,  (vi)  After 
growth  of  the  absorber  film,  the  film  surface  should 
enable  the  formation  of  a  heterointerface  with  a 
favourable  band  offset  between  the  absorber  and  the 
heterojunction  partner  in  order  not  to  affect  the 
photovoltaic  properties. 

Twenty  years  of  research  were  necessary  to  develop 
solutions  which,  after  all,  almost  perfectly  meet  the 
requirements  (i)— (vi)  outlined  above.  However,  most  of 
the  achievements  accumulated  during  those  years  were 
initiated  rather  by  intuition  than  by  knowledge-based 
technological  design.  Only  now,  we  begin  to  achieve  a 
more  detailed  understanding  of  the  basic  physics  work¬ 
ing  behind  the  scene.  We  now  recognize  that,  in  many 
respects,  we  were  just  lucky  to  find  the  needle,  and  begin 
to  realize  how  large  the  haystack  is.  Fig.  1  depicts  the 
complete  layer  sequence  of  the  ZnO/CdS/Cu(Ga,In)Ser 
Mo  heterostructure.  All  three  interfaces  between  the 
four  functional  layers  of  the  device  exhibit  interface 
reactions,  e.g.  the  formation  of  MoSe2  at  the  Mo  back 
contact.  Most  of  the  13  chemical  elements  tend  to 
interdififuse  between  the  layers.  For  example  Na  from 
the  glass  plays  an  active  role  during  film  growth. 
Nevertheless,  it  appears  that  it  is  just  the  complexity  of 
the  defect  physics  of  Cu(In,Ga)Se2  which  is  the  reason 
for  the  outstanding  performance,  stability,  and  radiation 
hardness  of  this  material.  In  the  following  we  tempt  to 
outline  some  of  the  physics  that  allows  Cu(In,Ga)Se2  to 
meet  the  requirements  (i)-(vi)  and  to  perform  so  well  as 
a  photovoltaic  material. 
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Glass  (Si,  O,  Ca,  Na,... ) 


Fig.  1.  Schematic  representation  of  the  layers  and  interfaces  in 
a  ZnO,  CdS  Cu(In.Ga)Se2  solar  cell. 


2.  Off-stoichiometry,  secondary  phases,  and  intrinsic 
defects 

In  contrast,  to  the  binary  compounds  where  small 
deviations  from  stoichiometry  cause  drastic  changes  of 
the  electronic  properties,  the  ternary  compounds,  in 
particular  CuInSe2,  are  much  more  tolerant.  Note  that 
the  Cu  content  of  device-quality  CuInSe2  or  Cu(In. 
Ga)Se:  absorbers  varies  typically  between  22  and  24at% 
Cu.  Thus,  these  films  are  markedly  Cu-poor  but 
maintain  excellent  semiconducting  properties.  In  terms 
of  point  defects,  a  non-stoichiometry  of  1%  would 
correspond  to  a  defect  concentration  of  roughly 
10“  cm  This  is  by  about  five  orders  of  magnitude 
more  than  the  acceptable  density  of  recombination 
centres  in  a  photovoltaic  absorber  material  and  still  four 
orders  of  magnitude  higher  than  the  maximum  net 
doping  concentration  of  some  10l7cm“?  that  is  useful 
for  the  photovoltaic  active  part  of  a  solar  cell.  Even  if  we 
allow  a  degree  of  compensation  of  99%,  the  respective 
densities  of  donors  and  acceptors  would  be  only  in  the 
10l9cm  3  range.  Thus,  as  illustrated  in  Fig.  2,  the  virtual 
number  of  defects  related  to  off-stoichiometry  has  to  be 
brought  down  to  reasonable  quantities  which  are 
compatible  with  the  good  electronic  quality  that  is 
required  to  build  a  photovoltaic  device. 

There  are  basically  two  ways  to  reconcile  stoichio¬ 
metry  deviations  with  good  electronic  properties:  either 
the  non-stoichiometry  is  accommodated  in  a  secondary 
phase  that  is  not  harmful  to  the  photovoltaic  perfor¬ 
mance,  or  the  off-stoichiometry  related  defects  are 
electronically  inactive.  Most  probably  CuInSe2  realizes 
both  possibilities.  The  two  point  defects  which  are 
related  to  an  overall  Cu-poor  composition  are  the  Cu- 
vacancy  V(  u  (a  shallow  acceptor)  and  the  In-Cu  antisite 
InC  ll  (a  deep  double  donor).  According  to  first-principle 
calculations  [5],  these  two  defects  form  a  defect  complex 
(2Vcui  In cu)  which  is  electronically  neutral  and  has  no 
transitions  within  the  energy  gap  of  CuInSe2.  thus  being 
electronically  inactive  as  could  be.  Interestingly,  ordered 
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Fig.  2.  Virtual  number  of  defects  related  to  off-stoichiometry. 
This  number  has  to  be  brought  down  to  reasonable  quantities 
which  are  compatible  with  the  good  electronic  quality  that  is 
required  in  a  photovoltaic  device. 
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arrays  of  this  complex  can  be  thought  as  the  building 
stones  of  a  series  of  Cu-In-Se  compounds  like  CuIn3Se5, 
CuIn5Se8  [8],  i.e.,  the  secondary  phases  that  delimit  the 
single-phase  region  of  CuInSe2  (a-phase)  towards  the 
Cu-poor  side  [9]. 

The  existence  range  of  the  a-phase  on  the  quasi-binary 
tie  line  Cu2Se-In2Se3  of  the  phase  diagram  is  from  about 
24.5-24  at%  Cu,  thus  even  not  involving  the  proper 
stoichiometric  composition  with  25  at%  Cu  [9].  The  Cu 
content  of  device-quality  absorbers  is  between  22  and 
24  at%  Cu.  This  lies  within  the  single  phase  region  of  the 
a-phase  only  at  the  growth  temperature  of  500-550°C. 
But  at  room  temperature,  the  equilibrium  phase  diagram 
[9]  predicts  a  two-phase  a+P  region  for  Cu  contents 
below  24%.  The  situation  with  respect  to  secondary 
phase  segregations  is  a  bit  different  in  thin  films 
compared  to  single  crystals  which  are  used  to  determine 
a  phase  diagram.  First,  in  these  films  about  20-30%  of 
the  In  is  replaced  by  Ga  and,  second,  these  films  grow  on 
Na-containing  glass  and,  consequently,  contain  around 
0.1  at%  Na  that  diffuses  out  of  the  glass  during 
deposition.  Both,  the  incorporation  of  Ga  and  Na, 
inhibit  the  formation  of  secondary  phases  in  the  bulk  of 
the  thin  film  [10], 

However,  the  surface  of  these  films  exhibits  the  1-3-5 
composition  of  the  Cu(In,Ga)3Se5  defect  phase  [11],  i.e., 
the  surface  is  always  more  Cu-poor  than  the  bulk  of  the 
material.  Most  likely,  the  Cu-poor  surface  of  these  thin- 
films  is  not  the  consequence  of  the  segregation  of  a 
secondary  bulk  phase  but  rather  is  resulting  from  the 
accumulation  of  Cu-deficiency  related  defects  and  defect 
complexes  [10].  The  precise  properties  of  this  surface 
defect  layer  are  not  yet  known.  However,  it  is  of  some 
importance  (and  discussed  later  in  the  present  paper) 
that  the  band  gap  at  the  surface  of  the  Cu(In,Ga)Se2 
thin  films  is  somewhat  larger  than  the  band  gap  in  the 
bulk  of  the  material  [11]. 

On  the  Cu-rich  side  of  the  single-phase  region  of  the 
phase  diagram,  Cu2Se  segregates  as  a  secondary  phase. 
In  thin  films  Cu2Se  can  be  easily  removed  by  etching 
the  sample  in  KCN  leaving  behind  a  CuInSe2  or 
Cu(In,Ga)Se2  film  with  the  proper  stoichiometry.  It  is 
one  of  the  puzzles  of  that  material  that  films  prepared  in 
such  a  way  exhibit  good  electronic  quality  (judged,  e.g., 
from  photoluminescence  experiments  [12-14]),  whereas 
solar  cells  made  from  material  that  is  grown  in  such  a 
way  are  far  less  efficient  than  those  with  a  slightly  a  Cu- 
deficient  absorber. 


3.  Electronically  active  defects  in  Cu(In,Ga)Se2  thin  films 

Up  to  here,  we  got  a  rough  idea  of  how  the  material 
comes  along  with  non-stoichiometry  and  meets  require¬ 
ment  (i)  of  our  list.  In  the  following,  we  approach  the 
topic  from  the  experimental  point  of  view,  i.e.,  we 


concentrate  first  on  electronically  active  defects  that  are 
found  in  photovoltaic  grade,  i.e.  slightly  In-rich, 
polycrystalline  Cu(In,Ga)Se2.  The  charge  density  in  the 
space  charge  region  of  any  photovoltaic  device  must  not 
exceed  a  level  of  1017-10I8cirT3,  because  otherwise 
tunneling  enhanced  recombination  would  significantly 
decrease  the  open  circuit  voltage  of  the  solar  cell  [15].  In 
fact,  in  Cu-chalcopyrite  semiconductors  this  limit 
appears  rather  to  be  close  to  few  times  1017cm~3  [16]. 
High-efficiency  Cu(In,Ga)Se2  absorber  material  has  a 
net  charge  density  of  around  or  few  times  1016cm  3  [17]. 
The  shallow  acceptor  level  VCu  (around  30meV  above 
the  valence  band)  is  assumed  to  be  the  main  dopant  in 
this  material  [5]. 

The  best  experimental  access  to  deeper  defects  in 
Cu(In,Ga)Se2  provides  admittance  spectroscopy  (AS) 
and  Deep  Level  Transient  Spectroscopy  (DLTS)  [18- 
20].  Fig.  3  displays  a  defect  spectrum  as  obtained  from 
(AS)  by  the  method  of  Walter  et  al.  [19]  together  with 
the  band  diagram  of  a  ZnO/CdS/Cu(In,Ga)Se2-hetero- 
structure.  The  spectrum  exhibits  two  distinct  peaks  N1 
and  N2,  at  energies  of  ~100  and  ~300meV,  respec¬ 
tively.  While  peak  N1  corresponds  to  donor-like  defects 
at  the  surface  of  the  Cu(In,Ga)Se2  absorber  [20],  peak 
N2  is  an  acceptor  either  in  the  volume  or  at  the  grain 
boundaries  of  the  Cu(In,Ga)Se2  absorber  [19,20]. 

The  importance  of  defect  N2  is  given  by  the  fact  that 
its  concentration  is  related  to  the  open  circuit  voltage 
Voc  of  the  device.  Detailed  investigations  of 
Cu(In!  „v,GaA.)(Sv,Se]  ;,)2  heterojunctions  unveil  that 
recombination  via  defect  N2  determines  Koc  of  solar 
cells  made  from  absorbers  in  a  composition  range 
covering  the  Ga/(In  +  Ga)  ratio  0<x<l  [21]  as  well  as 
the  S/(S  +  Se)  ratio  0^y^0.4  [22].  Fig.  4  illustrates  the 
correlation  between  the  maximum  defect  densities  with 
the  open  circuit  voltage  loss  E  Jq  -  Voc  which  is  a 
convenient  measure  to  compare  Voc  of  solar  cells  with 
different  bandgap  energies  of  the  absorber.  Regardless 
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Fig.  3.  Defect  spectrum  as  obtained  from  admittance  spectro¬ 
scopy  together  with  the  band  diagram  of  a  ZnO/CdS/ 
Cu(In,Ga)Se2-heterostructure.  The  spectrum  exhibits  two  dis¬ 
tinct  peaks  N1  and  N2,  at  energies  of  ~  100  and  ~300meV, 
respectively. 
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Fig.  4.  Band  diagrams  of  the  surface  of  (a)  In  rich  and  (b)  Cu 
rich  Cu(In.Ga)Se:.  The  surface  is  either  more  In  or  more  Cu 
rich  compared  to  the  bulk  and  thus  determines  the  position  of 
the  Fermi  level. 

of  the  origin  of  the  defects,  a  clear  correlation  of  defect 
densities  with  the  loss  in  open  circuit  is  found. 
Differences  in  the  absorber  quality  resulting  from 
preparation  of  films  under  different  conditions  like 
lower  substrate  temperature  or  different  growth  methods 
[21],  the  degradation  of  the  absorbers  by  damp  heat 
treatments  [23],  or  the  defect  generation  by  irradiation 
with  high-energy  particles  [3,4]  can  be  subsumed  in  the 
same  correlation  of  the  defect  densities  and  the  open 
circuit  voltage  loss. 

After  all,  it  appears  well  established  that  recombina¬ 
tion  in  all  devices  that  are  based  on  Cu(In,Ga)(Se)2 
alloys  is  determined  by  defects  in  the  volume  of  the 
absorbers,  as  long  as  these  absorbers  are  prepared  with  a 
slightly  Cu-poor  final  composition.  At  the  moment  it  is 
difficult  to  judge  whether  these  defects  are  located  in  the 
grain  volume  or  at  the  grain  boundaries  of  the 
polycrystalline  material.  A  rough  estimate  from  avail¬ 
able  solar  cell  output  parameters,  however,  puts  a  limit 
of  5ch<104cm/s  to  the  recombination  velocity  SCh  f°r 
minority  carriers  at  the  grain  boundaries  [6,7].  Thus, 
grain  boundaries  in  Cu(In,Ga)Se2  exhibit  only  a  weak 
electronic  activity.  This  is  considered  to  be  a  result  from 
extrinsic  passivation  of  the  grain  boundaries  by  oxygen 
[24,25].  This  passivation  is  either  explicitly  performed  by 
post-deposition  air  annealing  or  implicitly  achieved  by 
Na-catalyzed  oxygenation  of  the  grain  boundaries 
during  absorber  growth  [26]. 


4.  Interface  properties  and  surface  defect  layers 

In  a  well-tailored  solar  cell  the  thickness  of  the 
absorber  layer  should  not  exceed  the  diffusion  length  of 
the  minority  carriers.  Therefore,  the  recombination 
properties  at  both  contacts  to  the  active  layer,  at  the 
charge-separating  hetero-contact  as  well  as  at  the  ohmic 
back  contact,  should  be  favourable.  Analysis  of  current 


collection  by  Electron  Beam  Induced  Currents  (EB1C) 
indicate  a  good  collection  efficiency  for  electrons  which 
are  generated  close  to  the  hack  contact  [27].  An 
explanation  for  these  findings  is  provided  by  the  fact 
that  during  absorber  deposition  a  MoSe2  film  forms  at 
the  Mo  surface  [28,29].  MoSe2  is  a  layered  semiconduc¬ 
tor  with  p-type  conduction,  a  band  gap  of  1.3eV  and 
weak  van-der-Waals  bonding  along  the  e-axis.  The  c- 
axis  is  found  either  in  parallel  or  perpendicularly  to  the 
interface,  depending  on  the  initial  growth  condition  of 
the  film  [28].  Therefore,  the  method  of  film  growth  has 
some  impact  on  adhesion  and  electronic  properties  of 
this  interface.  Due  to  the  larger  band  gap  of  the  MoSe2 
compared  to  that  of  standard  Cu(In,Ga)Se2  films  this 
semiconductor  layer  provides  a  back-surface  field  for 
photogenerated  electrons  and  at  the  same  time  provides 
a  low  resistive  contact  for  the  holes. 

The  electronic  properties  of  the  front  surface  of 
photovoltaic-grade  (Cu-poor)  Cu(In,Ga)Se2  result  from 
the  properties  of  the  surface  defect  layer  discussed  in 
Section  2.  The  detailed  band  diagram  of  the  heterojunc¬ 
tion  close  to  the  metallurgical  CdS/Cu(In,Ga)Se2  is  still 
under  debate  (for  discussion,  see  e.g.  [30-32]).  In  spite  of 
the  various  models  that  exist  for  the  surface  of  Cu-poor 
Cu(In,Ga)Se2,  two  important  features  have  to  be 
considered  as  a  matter  of  fact,  (i)  In  the  completed 
device  the  surface  of  the  Cu(In,Ga)Se2  absorber  is 
inverted.  The  electronic  transition  (N1  in  Fig.  3)  due  to 
interface  donors  has  an  activation  energy  of  around 
lOOmeV  as  measured  by  AS  and  DLTS  [20].  This 
activation  energy  just  corresponds  to  the  distance  A£F 
between  the  conduction  band  of  the  Cu(In,Ga)Se2 
absorber  and  the  Fermi  energy  E\ -  at  the  heterointerface. 
The  barrier  that  hinders  holes  from  the  absorber 
material  to  recombine  at  the  heterointerface  [16,33]  is 
given  by  <P\ \  =  -  A£F.  Thus,  a  small  A £>  is  necessary 
to  avoid  interface  recombination,  (ii)  A  widening  of  the 
band  gap  energy  towards  the  Cu-poor  surface  [11] 
further  increases  <Pvb  as  indicated  in  Fig.  5.  In  turn,  all 


(a)  Cu-poor  growth 


(b)  Cu-rich  growth 
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Fig.  5.  Correlation  of  defect  densities  with  the  open  circuit 
voltage  loss.  Regardless  of  the  origin  of  the  defect  a  clear 
correlation  with  the  loss  in  open  circuit  is  found.  The  different 
symbols  represent  different  fabrication  processes  and  alloy 
compositions  (open  triangles),  ageing  procedures  (circles)  and 
irradiations  (solid  squares). 
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devices  which  are  prepared  from  Cu-chalcopyrite 
material  that  has  been  grown  Cu-rich  even  after  removal 
of  the  Cu2Se  secondary  phase  (or  CuS  in  case  of 
Cu-rich  grown  CuInS2)  are  dominated  by  interface 
recombination  [33,34].  Therefore,  we  postulate  that  the 
properties  of  the  surface  defect  layers  of  Cu-poor  grown 
material  guarantee  the  Fermi  level  pinning  close  to  the 
conduction  band  and  the  band  gap  widening  at  the 
absorber  surface  as  illustrated  in  Fig.  5.  Thus,  the 
advantage  of  Cu-poor  Cu(In,Ga)Se2  absorber  films 
is  essentially  given  by  their  favourable  surface  pro¬ 
perties  and  the  ease  to  form  heterojunctions  with  low 
losses. 


5.  Conclusions 

The  favourable  photovoltaic  properties  of 
Cu(In,Ga)Se2  and  the  wide  process  tolerance  for  thin 
film  deposition  arise  from  the  ability  of  the  multinary 
material  to  form  defect  complexes  which  are  electrically 
neutral  and  fit  into  the  structure  of  the  material  as 
elements  of  defect  phases.  These  defect  phases  exhibit  a 
similar  structure  as  compared  to  the  chalcopyrite  crystal. 
The  front  surface  of  photovoltaic  grade  material  is 
characterised  by  a  defect  layer  with  a  CuIr^Ses 
composition.  This  layer  minimises  recombination  losses 
at  the  interface  of  the  photovoltaic  heterojunction.  As  a 
consequence,  the  open  circuit  voltage  is  determined  by 
the  bulk  properties  of  the  material,  i.e.  the  defect 
densities  in  the  bulk  of  the  absorber  layer. 
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Abstract 

The  (transversal)  magnetoresistance  (MR)  effect  of  bulk  Ago  i  ^Se  (8  =  0;  5  x  10  4;  0.33)  in  its  low-temperature  ot- 
phase  has  been  measured  at  temperatures  -  100°C<  T<50°C  in  magnetic  fields  up  to  B  =  8T.  A  stoichiometric  sample 
with  well-controlled  metal  excess  was  prepared  by  growth  from  the  elements  and  subsequent  electrochemical  treatment. 
The  MR  effect  of  this  sample  is  relatively  small  and  positive.  Silver-rich  material  exposes  both  relatively  large  positive 
and  negative  effects,  depending  on  the  metal  content.  <o  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  72. 20. My;  77.84.Bw;  61.50.Nw 

Keywords:  Magnetoresistance:  Silver  selcnidc;  Nonstoichiomctry 


1.  Introduction 

In  an  early  work,  Junod  [1]  determined  the  magne¬ 
toresistance  effect  of  stoichiometric  Ag2Se  as  approxi¬ 
mately  1%  at  20"C  and  at  a  magnetic  field  of  IT. 
Recently,  an  unusually  large  positive  MR  effect  was 
observed  by  Xu  et  al.  in  bulk  material  of  the 
nonmagnetic  silver-rich  silver  chalcogenides  Ag2 }  (>Se 
and  Ag2.f/Te  [2].  Samples  with  compositions  between 
“Ag2.0r  and  “Ag2 33Se'?  have  been  studied,  and  MR 
effects  up  to  120%  were  observed  at  room  temperature 
and  magnetic  fields  of  5.5  T.  The  magnetic  field 
dependence  shows  no  evidence  of  saturation  up  to  a 
magnetic  field  of  5.5  T  and  is  linear  down  to  lOmT. 

Ogorelec  et  al.  also  studied  Ag2 ,  <sSe  in  order  to 
optimise  the  MR  effect  [3]  but  were  not  able  to 
reproduce  the  large  MR  effect  observed  originally  by 
Xu  et  al.  They  suggest  the  Hall  mobility  of  the  charge 
carriers  to  be  the  important  parameter  which  has  to  be 
optimised.  Further  experimental  studies  deal  with  large 
magnetoresistance  in  bulk  material  and  thin  films  of 
Ag2  ,/Te  [4—6]. 
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Motivated  by  these  experimental  observations,  Abri¬ 
kosov  [7,8]  advanced  a  theoretical  explanation  for  this 
unusual  MR  effect.  His  model  grounds  on  the  assump¬ 
tion  of  material  being  inhomogeneous  on  an  atomic 
scale,  i.e.  he  assumes  the  presence  of  small  metal  clusters 
of  excess  silver.  In  addition,  the  model  requires  a 
material  which  can  be  regarded  as  a  gapless  semicon¬ 
ductor  with  a  linear  energy  spectrum.  For  such 
hypothetic  material  Abrikosov  obtains  a  positive  MR 
effect  with  linear  dependence  on  the  magnetic  field.  Since 
the  quantum  condition  in  this  model  persists  to  very  low 
fields  and  high  temperatures  Abrikosov  suggests  to  call 
this  effect  quantum  magnetoresistance . 

In  the  present  study,  we  investigate  the  MR  effect  of 
two  heterogeneous  samples  obtain  from  the  melt  and  a 
stoichiometric  sample  which  is  much  better  charac¬ 
terised  with  respect  to  its  chemical  composition.  In  the 
following,  we  firstly  describe  the  sample  preparation, 
report  on  the  MR  effect  and  discuss  our  results  in  the 
context  of  the  concentration  of  metal  in  Ag2Se  and 
available  theories  on  MR  effects. 

The  phase  diagram  of  the  system  Ag-Se  is  well  studied 
between  75'C  and  190°C  [9].  A  phase  transformation 
from  the  high-temperature  phase  (P-Ag2  -  fiSe)  to  the 
low-temperature  phase  (a-Ag2 .  (^Se)  occurs  at  T  - 
133  C.  Due  to  the  significant  density  changes  during 
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equilibrium  non-equilibrium  defects: 
phase  (a-Ag2Se)  dislocations,  grain  boundaries 


Fig.  1 .  Schematic  phase  diagram  of  the  system  silver-selenium. 

the  transformation,  dislocations  and  grain  boundaries 
are  created  in  the  a-phase  and  lead  to  a  material  with  a 
high  concentration  of  nonequilibrium  defects.  Since  all 
practical  applications  of  the  MR  effect  work  at  room 
temperature,  the  a-Ag2  +  f5Se  phase  is  of  primary  interest. 
This  phase  exists  only  in  a  very  small  range  of 
homogeneity  which  becomes  even  narrower  with  de¬ 
creasing  temperature,  as  indicated  schematically  in 
Fig.  1. 

2.  Experimental 

For  the  preparation  of  heterogeneous  silver-rich 
samples,  we  melted  together  silver  and  selenium  in  the 
required  mass  ratio  in  evacuated  silica  ampoules.  The 
ampoules  were  heated  for  24  h  at  960°C  in  a  furnace  and 
then  cooled  down  to  room  temperature.  Rectangular 
specimens  were  cut  from  the  resulting  material.  Parts  of 
this  material  were  polished  for  SEM  figures.  Other  parts 
of  the  product  were  ground  and  characterised  by  powder 
X-ray-diffraction. 

Homogeneous  silver  selenide  was  grown  in  a  capillary 
by  one-dimensional  growth  from  the  elements  at  T  — 
240°C.  On  one  side  of  the  capillary,  a  rod  of  silver  metal 
was  placed.  On  the  other  side,  selenium  was  filled  into 
the  capillary  and  melted.  Silver  reacted  with  the 
selenium  and  a  P-silver  selenide  crystal  grew  into  the 
capillary  with  a  growth  rate  of  approximately  10  mm/ 
day.  By  cooling  slowly  down  to  temperatures  below 
133°C  always  the  a-phase  is  produced.  At  100°C  the 
crystal  was  then  equilibrated  with  bulk  silver  metal  for 
several  weeks.  This  long  equilibration  period  is  neces¬ 
sary  since  the  chemical  diffusion  coefficient  of  silver  in 
the  a-phase  is  relatively  low  compared  to  the  (3-phase. 
Furthermore,  dislocations  which  were  created  during  the 
phase  transformation  healed  out  at  least  partially. 
Nevertheless,  the  product  remains  polycrystalline  with 
coarse  grains  and  with  a  silver  activity  of  a\g  =  1  at 


100°C.  By  coulometric  titration — a  standard  technique 
in  solid  state  electrochemistry  [10] — we  finally  prepared 
the  exactly  stoichiometric  product  Ag2.ooooooSe, 
A3<  10-6  from  this  material. 

All  samples  were  contacted  with  platinum  wires  and 
the  transversal  magnetoresistance  was  measured  in  fields 
up  to  B  —  8  T  using  a  four  probe  dc  technique. 


3.  Experimental  results 

X-ray-diffraction  of  the  silver-rich  “Ag2-33Se”  proves 
that  the  material  is  primarily  orthorhombic  a-Ag2Se 
[11].  However,  silver  metal  precipitates  are  also  identi¬ 
fied  by  the  (hkl)  reflection  at  20  =  38.1°. 

The  “Ag2.ooo5Se”  and  the  “Ag2.33Se”  specimens  are 
polycrystalline  and  contain  precipitates  of  silver  metal  in 
the  micron  scale  (see  inset  in  Figs.  3  and  4).  The 
distribution  of  the  precipitates  in  “Ag2.33Se”  appear  to 
be  quite  regular,  exhibiting  typical  morphologies  of 
eutectic  systems  produced  from  the  melt.  The  size  of  the 
precipitates  depends  on  the  cooling  rate.  In  “Ag?  33Se” 
large  dendrite-like  precipitates  of  silver  (with  dimensions 
in  the  100  micron  scale)  are  formed  in  regions  with 
reduced  cooling  rate.  Over  large  areas,  small  silver 
particles  of  approximately  1  pm  diameter  form  chains 
with  almost  regular  structure.  Frequently,  small  areas 
with  silver  particles  being  arranged  almost  lattice-like 
are  found.  In  “Ag2.ooo5Se”,  we  find  only  few  silver 
precipitates  (inset  Fig.  3).  The  smallest  silver  particles  we 
found  here  have  a  diameter  of  approximately  0.2  pm. 
Summarizing,  all  material  produced  by  melting  and 
subsequent  solidification  is  heterogeneous  and  shows 
silver  precipitates.  HSEM  studies  did  not  show  silver 
precipitates  with  diameters  less  than  0.1  pm. 

We  obtained  different  results  for  the  magnetoresis¬ 
tance  effect.  The  MR  effect  of  stoichiometric  silver 
selenide  is  small  and  positive.  It  shows  a  quadratic  field 
dependence  and  there  is  no  saturation  up  to  fields  of 


B/T 


Fig.  2.  MR  effect  of  stoichiometric  Ag2.ooooooSe  measured  at 
different  temperatures. 
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Fig.  3.  MR  effect  in  Ag-Se  samples  with  the  mean  composition 
“Ag^.oonjSe"  measured  at  different  temperatures.  Inset:  SEM 
micrograph  taken  from  this  sample. 
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Fig.  4.  MR  effect  in  Ag-Sc  samples  with  the  mean  composition 
“Ag2.ttSe”  measured  at  different  temperatures.  Inset:  SEM 
micrograph  taken  from  this  sample. 


B  =  8T  (Fig.  2).  “Ag^.ooosSe”  shows  a  negative  MR 
effect  at  50'C.  With  decreasing  temperatures,  the  MR 
effect  becomes  more  and  more  positive  (Fig.  3).  This 
positive  effect  is  almost  linear  in  its  field  dependence. 
For  Ag-Se  samples  with  the  mean  composition 
“■Ag2.33Se",  we  find  a  positive  effect  which  decreases 
with  increasing  temperatures.  The  field  dependence  is 
almost  quadratic  but  is  better  described  by  an  additional 
linear  term  (Fig.  4). 


4.  Discussion 

Our  data  from  the  coulometric  titration  of  silver 
selenide  show  that  a-Ag2  <  ,>Se  with  a  metal  excess  S 
higher  than  2x  10  4  will  necessarily  be  a  two-phase 
mixture  of  silver  and  7-silver  selenide  at  20'C  [11].  Thus, 
our  samples  with  S  =  5  x  10~4  and  0.33  are  definitely 
heterogeneous  and  contain  small  silver  precipitates. 
Increasing  or  decreasing  the  silver  excess  (silver  activity) 


within  the  phase  field  of  a-silver  selenide  increases  or 
decreases  the  concentration  of  electrons  or  electron 
holes,  respectively.  Measurements  of  the  electronic 
conduction  confirm  this  [12,13].  For  the  sake  of  the 
argument,  we  assume  that  any  metal  excess  directly 
leads  to  a  corresponding  increase  of  the  carrier  density, 
i.e.  we  assume  complete  dissociation  of  the  metal 
dopand,  irrespective  of  whether  we  consider  homoge¬ 
neous  or  heterogeneous  samples. 

The  classical  theory  of  ordinary  magnetoresistance 
(OMR)  in  semiconductors  yields  a  positive  and  quad¬ 
ratic  field  dependence  [14]  of  the  MR  effect  A  p/p  when 
the  product  of  the  Cycotron  frequency  coc  and  the 
relaxation  time  t  is  small  compared  with  1  (small 
magnetic  fields  B)  or  for  stoichiometric  semiconductors, 
where  the  concentration  of  electrons  n  equal  to  that  of 
holes  p. 


—  x  const,  toc  ■  t >  1 ,  //#/;. 

P 

For  nonstoichiometric  samples,  the  OMR  effect  always 
reaches  saturation  at  sufficiently  large  magnetic  fields.  In 
the  simple  case  of  a  non-degenerate  semiconductor  with 
a  parabolic  band  structure  and  electron  relaxation  by 
phonon  scattering,  we  can  predict  the  OMR  effect  for 
our  samples  inserting  appropriate  mobilities  and  the 
density  of  electrons  and  holes  [1 1]. 

For  stoichiometric  silver  selenide  and  for  “Ag2.33Se” 
we  indeed  measure  a  square  field  dependence.  The 
MR  effect  of  the  stoichiometric  sample  shows  ordinary 
magnetoresistance  simply  caused  by  the  Lorentz 
force  on  the  charge  carriers  in  the  magnetic  field. 
An  increased  silver  excess  should  lead  to  an  even 
smaller  positive  MR  effect.  Obviously  this  is  in  contra¬ 
diction  to  the  experimental  findings — the  MR  effect  of 
“Ag2.  3}Se"  is  much  larger  than  that  of  the  stiochiometric 
sample. 

In  the  heterogeneous  samples,  the  chemical  potential 
of  silver  always  equals  the  standard  potential  of  silver. 
This  might  have  an  effect  on  the  band  structure  of  the 
system.  We  also  observe  silver  precipitates  (see  inset  in 
Fig.  4).  Thus,  we  believe  that  it  is  unreasonable  to 
describe  the  MR  effect  of  this  material  by  a  simple  OMR 
model. 

The  “Ag2.o()n>Se”  sample  shows  a  linear  MR  effect  at 
a  low  temperatures  and  a  negative  effect  at  50  C.  Such 
change  of  the  MR  effect  has  not  been  reported  yet  and 
requires  further  investigation. 

Both  the  GMR  effect  in  film  structures  [15.16]  and  the 
CMR  effect  [17]  are  negative  effects.  The  GMR  effect 
also  exists  in  granular  systems  [18],  In  all  these  cases,  a 
necessary  condition  for  the  occurrence  of  negative  effects 
are  permanent  magnetic  structures.  Yet  there  is  no 
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doubt  that  silver  selenide  and  silver  metal  are  diamag¬ 
netic,  and  thus,  both  the  GMR  and  CMR  effect  do  not 
explain  the  present  results  on  Ag2  +  <5Se. 

Other  types  of  negative  MR  effects  have  been 
proposed  and  measured  in  disordered  systems  [19-21]. 
But  normally  these  MR  effects  appear  only  at  very  low 
temperatures  (of  a  few  Kelvin).  In  the  current  state  of 
investigation,  we  believe  that  a  metal  excess  is  indeed 
necessary  for  the  occurrence  of  the  observed  unusual 
MR  behavior.  Currently,  we  investigate  whether  pre¬ 
cipitates  in  the  nano-scale  regime  might  be  the  origin  of 
this  effect.  In  this  case,  the  linear  contribution  could  be 
explained  by  the  quantum  magnetoresistance  model  of 
Abrikosov  [7]. 

Finally,  we  assume  that  the  measured  effects  of 
“Ag2.  33 Se”  are  a  superposition  of  a  saturating  negative 
and  a  linear  positive  effect.  Further,  our  own  measure¬ 
ments  in  [11]  confirm  this. 
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Abstract 


Transmission  electron  microscopy  developed  from  an  imaging  tool  into  a  quantitative  electron  beam  characterization 
tool  that  locally  accesses  structure,  chemistry,  and  bonding  in  materials  with  sub-Angstrom  resolution.  Experiments 
utilize  coherently  and  incoherently  scattered  electrons.  In  this  contribution,  the  interface  between  gallium  nitride  and 
sapphire  as  well  as  thin  silicon  gate  oxides  are  studied  to  understand  underlying  physical  processes  and  the  strength’  of 
the  different  microscopy  techniques.  An  investigation  of  the  GaN/sapphire  interface  benefits  largely  from  the 
application  of  phase  contrast  microscopy  that  makes  it  possible  to  visualize  dislocation  core  structures  and  single 
columns  of  oxygen  and  nitrogen  at  a  closest  spacing  of  85  pm.  In  contrast,  it  is  adequate  to  investigate  Si/SiOvN,./poIy- 
Si  interfaces  with  incoherently  scattered  electrons  and  electron  spectroscopy  because  amorphous  and  poly-crystalline 
materials  are  involved.  Here,  it  is  demonstrated  that  the  Si0.vNr/poly-Si  interface  is  rougher  than  the  Si/SiOv  interface, 
that  desirable  nitrogen  diffusion  gradients  can  be  introduced  into  the  gate  oxide,  and  that  a  nitridation  coupled  with 
annealing  increases  its  physical  width  while  reducing  the  equivalent  electrical  oxide  thickness  to  values  approaching 
1.2nm.  Therefore,  an  amorphous  SiNvOv  gate  dielectric  seems  to  be  a  suitable  substitute  for  traditional  gate  oxides  to 
further  increase  device  speed  by  reducing  dimensions  in  Si  technology.  Cvj  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Transmission  electron  microscopy;  Gallium  nitride;  Gate  oxides;  Dislocations 


1.  Background 

Recent  progress  in  high  resolution  transmission 
electron  microscopy  (HRTEM)  allows  investigating 
crystalline  materials  by  phase  contrast  microscopy  with 
a  resolution  close  to  the  80  pm  information  limit  of  a 
300  kV  field  emission  microscope  [\-4\.  A  reconstruction 
of  the  electron  exit  wave  from  a  focal  series  of  lattice 
images  converts  the  recorded  information  into  inter¬ 
pretable  resolution  [5,6].  It  was  reported  before  that 
Z-contrast  microscopy  achieved  sub-Angstrom  resolu¬ 
tion  [7]. 

From  a  materials  point  of  view,  a  resolution 
enhancement  in  electron  microscopy  is  required  to 
achieve  truly  mono  atomic  resolution  in  most  materials 
systems.  A  typical  point  resolution  around  0.2  nrn  does 
commonly  not  suffice.  Fig.  1  depicts  this  situation  by 
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plotting  the  band  gap  energy  of  different  ceramics  and 
semiconductors  versus  their  inter-atomic  spacing.  It  is 
seen  that  the  resolution  of  single  atomic  columns  in 
ceramic-like  materials  is  barely  possible.  In  practice, 
their  separation  often  requires  a  better  point  resolution 
because  lattice  imaging  along  zone  axes  of  crystals 
nearly  always  shortens  the  inter-atomic  spacing  by  the 
involved  projection  into  the  image  plane.  For  example, 
the  resolution  of  dumbbell  images  along  the  commonly 
recorded  [1  1 0]  zone  axis  of  silicon,  cubic  gallium 
nitride,  and  diamond  require  a  point  resolution  of 
0.136,  0.113,  and  0.089  nm,  respectively. 

Moreover,  band  gap  energies  tend  to  increase  with 
shorter  inter-atomic  distances.  From  the  slope  of  the 
trend  line  in  Fig.  1  one  finds  that  a  reduction  by  1  pm 
typically  changes  energies  by  50meV.  It  is  for  such 
reasons  that  electron  microscopy  strives  for  the  devel¬ 
opment  of  equipment  that  will  allow  for  sub-Angstrom 
resolution  [3,4,7],  will  pinpoint  the  position  of 
atomic  columns  to  within  1  pm  [12,13],  and  will  enable 
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Interatomic  Distance  [A] 

Fig.  1 .  Band  gap  energy  versus  inter-atomic  distances  in  selected  semiconductors  and  ceramics.  The  slope  of  the  trend  line  relates  1  pm 
of  distance  to  50  meV  of  energy  change. 


spectroscopic  investigations  of  single  atomic  columns 
with  an  energy  resolution  of  about  50meV  [8-11]. 

In  the  present  contribution  we  investigate  interfaces 
with  current  state-of-the-art  equipment.  A  CM300 
FEG/UT  HRTEM  with  an  information  limit  of  80  pm 
and  a  Tecnai  F20/ST  HRTEM/STEM  (scanning  trans¬ 
mission  electron  microscope)  with  a  beam  diameter  of 
0.19nm,  500  meV  of  energy  resolution,  and  Z-contrast 
capability  are  employed.  This  allows  for  a  comparison 
of  phase  with  Z-contrast  imaging.  Gate  oxides  in  silicon 
and  the  interface  between  GaN  and  sapphire  are 
examined.  Both  examples  are  of  substantial  technologi¬ 
cal  importance  [14,15].  Details  of  sample  preparation 
procedures  are  published  elsewhere  [3]. 


2.  Gate  oxides 

Fig.  2  depicts  images  of  the  amorphous  Si(>2 
gate  dielectric  of  roughly  2nm  thickness  that  was 
deposited  on  silicon  and  capped  with  a  poly-silicon 
layer.  Gate  oxides  of  this  thickness  will  be  relevant  for  a 
0. 1  pm  technology  that  must  be  standard  technology  in  a 
few  years  if  Moore’s  law  applies.  Excellent  film 
uniformity  has  to  be  achieved  across  wafers  and  TEM 
is  the  primary  tool  to  relate  the  physical  gate  oxide 
thickness  to  process  parameters  and  to  calibrate 
metrology  tools. 


We  depict  three  types  of  images  in  Fig.  2.  Fig.  2a  is  a 
usual  lattice  image  which  is  an  interferogram  of 
diffracted  beams  [16].  As  a  result  the  image  pattern  of 
the  silicon  and  the  poly-silicon  changes  rapidly  with  the 
focus  setting  of  the  objective  lens  that  also  acts  as  a  filter 
for  spatial  frequencies.  This  produces  the  speckle 
contrast  of  the  amorphous  material.  In  addition,  there 
is  substantial  delocalization  of  information  at  interfaces 
that  is  visible  as  a  periodic  contrast  variation  in  the 
amorphous  layer  close  to  the  silicon  substrate.  It  results 
from  the  utilization  of  a  field  emission  electron  source 
[16].  Fig.  2b  is  a  reconstructed  phase  image  of  the 
electron  exit  wave  from  a  focal  series  of  lattice  images 
[3,5,6].  Delocalization  effects  are  removed  during  the 
reconstruction  process.  Poly-crystalline  grains  are  visible 
even  if  they  are  not  imaged  along  low  indexed  zone  axes 
because  of  the  80  pm  information  limit  of  the  instru¬ 
ment.  In  thin  samples  (<  lOnm)  the  image  depicts  the  1  s 
state  of  the  electron  wave  channeling  along  atomic 
columns  [17]  that  are  entirely  resolved.  They  appear  as 
bright  spots  in  the  phase  image.  The  defocus  dependence 
of  the  pattern  is  eliminated.  Local  phase  changes  can  be 
analyzed  quantitatively  since  they  oscillate  with  sample 
thickness.  Their  oscillation  periodicity  is  given  by  [17] 

D\s  =  a[d2  jZ  +  0.2765],  (1) 

where  a  is  a  constant,  d  is  the  distance  between 
successive  atoms,  Z  is  the  atomic  number  and  B  is  the 


1092 


C\  Kisiehu  ski  et  al.  /  Physica  B  308  310  (2001)  1090  1096 


0.136  run 


Reconstructed  phase  image  (OAM)  Z  contrast  image  (Tecnai  F20/ST) 

(b)  (c) 


Fig.  2.  Gate  oxides  in  silicon.  Images  were  recorded  by  different  techniques,  (a)  A  traditional  lattice  image  recorded  with  NCEM's  One 
Angstrom  Microscope  (OAM)  that  is  a  specially  equipped  Philips  CM300.  (b)  Reconstructed  electron  exit  wave  from  a  focus  series  of 
twenty  lattice  images  of  the  OAM.  The  phase  of  the  electron  exit  wave  is  shown,  (c)  Scanning  transmission  electron  microscopy 
(STEM)  was  utilized  to  produce  a  Z-contrast  image.  A  Tecnai  F20  super  twin  microscope  was  used. 


Si  [1 1 0]  Si02  Poly-Si 


(a) 


Debye  Waller  factor.  Eq.  (1)  was  recently  utilized  to 
demonstrate  that  the  phase  change  at  single  gold  atoms 
can  be  detected  with  a  signal  to  noise  ratio  of  better  than 
2  [18].  Thus,  unlike  a  lattice  image,  the  phase  image  of 
the  electron  exit  wave  depicts  directly  the  projection  of 
the  layered  structure  into  an  image  plane.  The  magni¬ 
tude  of  the  phase  change  can  be  quantified  through  a 
simple  dependence  on  sample  thickness  and  chemical 
composition.  However,  the  speckle  contrast  of  the 
amorphous  SiCL  remains  because  the  reconstruction 
process  operates  over  the  finite  range  of  spatial 
frequencies  that  is  determined  by  the  objective  lens 
[5,6].  Finally.  Fig.  2c  depicts  a  Z-contrast  image. 
Similarly  to  the  phase  images,  a  Z-contrast  image  also 
depicts  the  1  s  state  of  electrons  trapped  on  atomic 
columns.  However,  incoherently  scattered  electrons  are 
used  to  build  up  the  picture  [19].  Currently,  sub- 
Angstrom  resolution  is  achievable  by  Z-contrast  micro¬ 
scopy  at  300  kV  [7].  However,  the  0.136  nm  separation  of 
the  dumbbell  structure  in  silicon  can  already  be  resolved 
at  200  kV  [20.21].  In  comparison  with  phase  contrast 
images,  Z-contrast  images  lack  of  speckle  contrast  in 
amorphous  regions.  Its  absence  eases  a  quantitative 
evaluation  of  intensity  profiles  to  measure  the  gate  oxide 
thickness  and  interfacial  roughness  [22]. 

Table  1  summarizes  results  of  gate  oxide  thickness 
measurements  from  Z-contrast  images  and  from  the 
phase  contrast  images.  Intensities  were  evaluated  in  Z- 
contrast  images  and  the  presence  of  a  pattern  from 
crystalline  material  was  used  to  locate  the  position  of 
interfaces  in  phase  contrast  images.  Two  samples  were 
investigated:  a  control  sample  (A)  and  a  second  sample 
(B)  where  nitrogen  was  diffused  into  the  gate  oxide  layer. 
From  a  comparison  of  gate  oxide  thickness*  in  sample  A 
and  B  one  finds  that  a  broadening  of  the  amorphous 
region  occurs  as  a  result  of  nitrogen  incorporation. 
Moreover,  we  find  that  the  poly-Si/SiCL  interface  is 


rougher  by  a  factor  of  2  than  the  Si/Si02  one.  Finally, 
phase  contrast  images  consistently  provide  a  smaller 
gate  oxide  thickness  than  measurements  obtained  from 
Z-contrast  images.  Both  procedures  reproduce  gate 
oxide  thickness  data  within  0. 1-0.2  nm. 

We  recorded  electron  energy  loss  spectra  (EELS)  by 
stepping  the  focused  (0.19nm)  electron  across  the 
interfaces  with  0.1  nm  per  step.  At  each  step,  a  full 
spectrum  including  the  Si  L:>  NK.  and  OK  edges  was 
recorded.  Post  experiment,  we  processed  the  several 
thousand  spectra  to  produce  chemical  maps  or  profiles 
as  shown  in  Fig.  3.  Oxygen,  nitrogen  and  silicon  profiles 
are  depicted  and  the  thickness  values  of  the  gate  oxide  as 
determined  from  the  Z-contrast— and  phase  contrast 
images  are  overlaid.  The  profiles  reveal  that  O  and  N 
gradients  are  present  in  the  gate  oxide.  Nitrogen 
concentrations  peak  at  the  poly-Si/Si0.vNr  interface 
and  decrease  linearly  towards  the  Si/SiOY  interface.  It  is 
not  surprising  to  find  that  the  width  determination  of  the 
gate  dielectric  from  the  Z-contrast  images  coincides  with 
its  chemical  width  as  measured  by  EELS  since  the 
intensities  in  a  Z-contrast  image  depend  on  sample 
thickness  and  on  chemistry. 

In  summary,  we  produced  a  direct  comparison 
between  lattice  images,  electron  exit  waves,  and  Z- 
contrast  images  of  gate  oxides.  In  silicon  [1  1 0]  a 
resolution  of  136  pm  suffices  to  separate  individual 
atomic  columns  at  300  kV  by  coherently  scattered 
electrons  in  combination  with  exit  wave  reconstruction 
and  by  incoherently  scattered  electrons.  Even  the  current 
information  limit  of  leading  edge  200  kV  equipment 
allows  for  a  resolution  of  this  dumbbell  structure.  Both 
techniques  provide  pictures  of  the  Is  state  of  electrons 
trapped  at  atomic  columns  and  the  signal  strength 
depends  on  local  sample  thickness  and  chemical 
composition.  Differences  stem  from  a  larger  signal 
to  noise  ratio  in  phase  contrast  images  compared  with 
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Table  1 


Quantitative  evaluation  of  gate  oxide  thickness  and  interfacial  roughness  from  Z-contrast  and  phase  contrast  images4 


Sample 

Thickness  (nm) 
Z-contrast 

Thickness  (nm) 
phase  contrast 

Roughness  (nm) 

Si/Si02 

Roughness  (nm) 
Poly  Si/Si02 

A 

1.92 

1.76 

0.06 

0.10 

B 

2.65 

2.14 

0.08 

0.25 

B 

2.50 

2.06 

0.06 

0.14 

B 

2.61 

2.00 

0.07 

— 

a  Sample  A:  control  sample.  Sample  B:  nitrogen  containing  gate  oxide.  Roughness  measurements  were  made  from  Z-contrast  images. 


Distance  [nm] 


Fig.  3.  More  than  1000  Electron  Energy  Loss  Spectra  were  recorded  with  an  electron  beam  focused  to  0.19nm  small  spot  that  was 
repetitively  scanned  across  the  gate  oxide  (Tecnai  F20).  An  automated  data  analysis  produces  the  depicted  profiles  of  nitrogen,  silicon 
and  oxygen  in  minutes.  A  2.07  nm  wide  dielectric  was  measured  from  image  patterns  in  phase  contrast  images.  An  analysis  of  the  local 
intensity  of  Z-contrast  images  reveals  a  2nm  wide  gate  oxide. 


Z-contrast  images.  However,  in  the  presence  of  amor¬ 
phous  material,  the  limited  bandwidth  of  transmitted 
spatial  frequencies  in  phase  contrast  microscopy  gen¬ 
erates  a  speckle  contrast  in  amorphous — and  partly  in 
poly-crystalline  material.  Its  absence  in  Z-contrast 
images  eases  a  quantitative  evaluation  of  interfacial 
roughness  and  the  dielectric  layer  width.  A  nitridation  of 
the  gate  oxide  increases  its  dielectric  constant  and  the 
layer  width.  Both  effects  are  beneficial  for  devices 
because  they  appear  electrically  “thinner”  but  are 
physically  thicker.  The  equivalent  electrical  thickness 
approaches  1 .2  nm  in  this  case.  Therefore,  it  is  feasible  to 
further  increase  the  switching  speed  of  devices  while 
avoiding  tunnel  currents.  A  control  of  nitrogen  diffusion 
gradients  is  crucial  in  this  process  and  electron  spectro¬ 
scopy  can  provide  this  information  on  a  scale  of 
0. 1-0.2  nm.  From  a  comparison  of  phase  contrast 
images,  Z-contrast  images,  and  electron  spectroscopy 
we  find  that  O  and  N  diffused  into  the  adjacent 
crystalline  materials. 


3.  Growth  of  GaN  on  sapphire 

It  is  evident  from  Fig.  1  that  an  investigation  of  silicon 
is  not  extremely  demanding  in  terms  of  resolution.  In 
case  of  GaN  or  sapphire  (A1203),  however,  the  situation 
changes  for  two  reasons:  the  inter-atomic  distances  are 
smaller  and  the  light  elements  O  and  N  are  involved  with 
low  electron  scattering  power.  It  is  for  these  reasons  that 
these  materials  could  not  be  investigated  on  a  truly 
atomic  scale. 

Commonly,  lattice  images  of  GaN  are  recorded  along 
a  [1  120]  zone  axis  as  shown  in  Fig.  4a  because  it  is  this 
projection  that  allows  at  least  for  a  separation  of  the  Ga 
atoms.  Even  more  restricting  is  the  presence  of  a  huge 
defect  density  at  the  interface  between  GaN  and 
sapphire  that  is  generated  to  partly  accommodate  14% 
of  lattice  mismatch  [23].  Fig.  4b  shows  the  same  region 
in  [HO 0]  projection.  This  experiment  benefits  from 
two  factors:  First,  we  resolved  the  GaN  lattice  in 
[1100]  projection,  which  requires  0.15  nm  of  resolution. 


1094 


C.  Kisielou  ski  et  al  /  Physica  B  30ft  310  (2001)  1090  1096 


Second,  the  [1  100]  projection  eliminates  the  stacking 
fault  contrast  that  usually  obscures  lattice  images 
recorded  in  [1  12  0]  projection.  Thus,  image  interpreta¬ 
tion  is  drastically  simplified  by  simply  having  a  choice  of 
recording  lattice  images  along  different  zone  axes  and 
yet  resolving  a  lattice. 

From  a  focal  series  of  lattice  images  it  is  then  possible 
to  reconstruct  the  electron  exit  wave  shown  in  Fig.  5a. 
Again,  the  reconstructed  phase  image  is  directly  intcr- 
pretable:  a  bright  spot  in  the  exit  wave  picture  marks  the 
position  of  atomic  columns,  its  intensity  depends  on 
chemical  composition  and  the  spacing  of  atoms  along 
the  column  (Eq.  (1)).  It  is  seen  that  all  atom  columns  at 
the  interface  and  in  the  sapphire  are  resolvable  with  a 
smallest  projected  aluminum-oxygen  spacing  of  85  pm  in 
the  sapphire.  Consequently,  it  is  now  possible  to  detect 
single  columns  of  oxygen  atoms  at  a  sub-Angstrom 
spacing  because  of  the  excellent  signal  to  noise  ratio  of 
the  phase  contrast  image  and  the  improved  resolution. 

An  additional  advantage  of  phase  contrast  imaging 
comes  from  the  precision  as  to  which  lattice  parameters 
can  be  measured  [12].  Fig.  5b  summarizes  lattice 
parameter  measurements  in  plane  of  the  interface  and 
normal  (out  of  plane)  to  it.  It  is  seen  that  the  in  plane 


lattice  parameter  does  not  vary  more  than  1  pm  except 
for  a  surprisingly  0.8-1  nm  narrow  interfacial  region. 
Even  the  out  of  plane  lattice  parameter  is  reduced  by 
only  10  pm  which  correspond  to  a  displacement  of  only 
4%.  One  would  estimate  an  out  of  plane  lattice 
parameter  variation  of  roughly  30%  for  fully  strained 
pseudomorphic  growth  with  a  lattice  mismatch  of  14%. 
Closer  inspection  of  the  narrow  interfacial  region  reveals 
the  presence  of  a  misfit  dislocation  network.  One  of  the 
misfit  dislocations  is  depicted  in  Fig.  6.  It  is  seen  that  its 
core  structure  is  entirely  resolved.  The  dislocation  is  of 
edge  character  and  a  row  of  oxygen  or  nitrogen  atoms 
terminates  the  inserted  extra  half  plane.  It  is  not  possible 
to  discriminate  between  nitrogen  and  oxygen  atoms 
because  of  their  similar  Z  of  7  and  8,  respectively.  The 
misfit  dislocation  spacing  along  the  interface  is  regular. 
From  Fig.  5a  we  find  that  they  are  standing  off  the 
interface  by  0.5-1  nm  and  that  six  GaN  (1  120)  planes 
of  0.1 595  nm  spacing  match  seven  sapphire  (3  300) 
planes  spaced  by  0.1 374 nm.  Here  we  used  literature 
values  for  lattice  parameters.  Resultantly,  one  calculates 
that  0.957  nm  in  GaN  match  0.962  nm  in  sapphire  along 
the  interface  which  leaves  a  residual  strain  of  less  than 
1%.  Such  values  agree  reasonably  well  with  the 


Zone  axes: 


Fig.  4.  Lattice  images  of  GaN  along  two  different  zone  axes  a  and  h.  An  information  limit  of  80  pm  of  the  OAM  allows  for  a  choice  of 
suitable  zone  axes.  Here,  they  are  chosen  such  that  the  contrast  of  stacking  faults  is  eliminated  in  b.  Insets  show  the  unit  cells  of 
hexagonal  GaN  projected  along  the  two  different  zones. 


C.  Kisielowski  et  ai  j  Physica  B  308-310  (2001)  1090-1096 


1095 


Fig.  5.  Top  (a)  Phase  of  the  electron  exit  wave  reconstructed  from  20  lattice  images,  (b)  Measurement  of  lattice  parameters  across  the 
field  of  view.  Values  in  plane  of  the  interface  and  normal  to  it  (out  of  plane)  are  averaged  in  columns  across  the  picture. 
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Fig.  6.  Core  structure  of  an  oxygen  terminated  misfit  dislocation  at  the  interface  between  GaN  and  sapphire.  The  model  (right)  was 
obtained  from  pinpointing  atomic  columns  in  the  phase  image. 


measured  5%  of  the  out  of  plane  lattice  parameter 
change  considering  that  GaN  growth  can  be  largely  non- 
stoichiometric  [23]. 

In  summary,  we  applied  phase  contrast  microscopy  to 
investigate  the  interface  between  sapphire  and  GaN  with 
sub-Angstrom  resolution.  The  investigation  benefits 
from  the  gained  ability  to  choose  from  different  zone 
axes  that  comes  with  the  improvement  of  resolution  and 


the  large  sensitivity  of  phase  contrast  microscopy  that 
enables  scientists  to  detect  light  elements  even  if  they  are 
closely  spaced  to  heavier  next  neighbors.  Dislocation 
core  structures  are  now  resolvable.  In  this  particular  case 
we  find  that  the  complicated  process  to  initiate  growth 
of  GaN  on  sapphire  [23]  is  linked  to  the  fabrication  of  a 
misfit  dislocation  network  that  accommodates  most  of 
the  initial  lattice  mismatch  of  14%.  The  dislocated  area 
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is  confined  to  a  0.8-1  nm  narrow  interfacial  region. 
Residual  displacements  are  about  5%  and  they  vanish 
over  several  nanometers  as  the  distance  from  the 
interface  increases  in  the  thin  TEM  foils. 


4.  Conclusions 

Investigations  of  GaN  on  sapphire  and  of  the  silicon 
gate  oxides  are  performed  to  analyze  two  technologi¬ 
cally  important  materials  with  state-of-the-art  transmis¬ 
sion  electron  microscopy.  Phase  contrast  microscopy,  Z- 
contrast  microscopy,  and  electron  spectroscopy  are 
employed.  In  the  case  of  silicon  gate  oxides  a  moderate 
resolution  of  136  pm  suffices  to  resolve  the  structure 
which  is  achievable  with  all  techniques  these  days.  The 
presence  of  the  amorphous  gate  dielectric,  however, 
favors  applications  of  Z-contrast  microscopy  because  of 
frequency  limitations  that  come  with  the  application  of 
phase  contrast  microscopy  and  produces  a  speckle 
contrast  in  the  amorphous  layer.  It  complicates  a 
quantitative  image  analyses.  The  application  of  electron 
spectroscopy  is  desirable  in  any  case.  Here  we  demon¬ 
strate  that  industry  seeks  to  increase  switching  times  in 
Si  based  devices  by  increasing  the  dielectric  constant  of 
the  gate  oxide  with  the  addition  of  nitrogen.  Its  diffusion 
can  be  controlled  such  that  the  N  concentration  peaks  at 
the  poly-Si  side  but  is  negligibly  small  on  the  SiCU/Si  side 
of  the  gate  oxide.  In  addition  a  nitridation  of  the  gate 
oxide  increases  its  width  which  reduces  the  risk  of 
undesirable  tunnel  currents  as  the  dimensions  of  the 
devices  shrink.  In  case  of  GaN  on  Sapphire,  only  phase 
contrast  microscopy  with  sub-Angstrom  resolution 
allows  to  resolve  all  atomic  columns  at  this  interface 
for  the  first  time.  Even  dislocation  core  structures  are 
now  accessible.  With  such  tools  it  is  now  possible  to 
systematically  study  the  initiation  of  thin  film  growth  on 
ceramic  materials  and  semiconductors  with  short  bond 
length  on  a  truly  atomic  level.  Overall  the  investigation 
demonstrates  that  newly  emerging  TEM  techniques  can 
be  chosen  such  that  they  provide  a  best  solution  for  a 
particular  problem  in  materials  sciences. 
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Abstract 

We  reported  a  novel  silicon  nanostructure,  a  chain  of  crystalline-silicon  nanospheres:  crystalline-silicon  nanospheres 
are  covered  with  and  connected  by  silicon  oxide  at  a  nearly  equal  spacing  forming  a  chain-like  nanostructure.  We  have 
found  that  additional  metal  impurities  such  as  lead  can  promote  a  periodic  instability  in  the  vapor-liquid-solid  growth 
of  silicon  nanowires  resulting  in  the  chain  formation.  By  controlling  the  metal  impurities,  we  have  successfully  grown 
dense  chains  and  also  measured  their  phonon  structures.  Through  the  analysis  of  Raman  spectra,  we  have  found  that 
the  phonons  were  confined  in  the  silicon  nanospheres.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Nanostructure;  Impurities;  Self-organization 


1.  Introduction 

In  the  self-organized  formation  of  nanostructured 
materials,  impurities  and  defects  which  are  involved  in 
the  growth  process  often  affect  yield,  morphology  and 
properties  of  fabricated  materials.  Sometimes,  impurities 
and  defects  obstruct  and  at  other  times  they  enhance  the 
self-organized  formation.  For  instance,  it  is  well  known 
that  the  formation  of  porous  silicon  [1],  namely 
anodization  of  silicon,  is  dopant  sensitive.  In  the  case 
of  carbon  nanotube  [2],  its  growth  is  governed  by  metal 
catalysts  and  also  sensitive  to  the  additional  impurities 
such  as  sulfur.  Therefore,  the  understanding  of  the  role 
of  impurities  and  defects  is  indispensable  for  controlling 
the  self-organized  formation.  Of  course,  the  role  of 
impurities  and  defects  is  closely  related  to  the  growth 
mechanism;  therefore,  the  understanding  will  also  give 
useful  information  on  the  growth  mechanism. 

Recently,  we  found  a  novel  silicon  nanostructure,  a 
chain  of  crystalline-silicon  nanospheres  [3].  The  chain  of 
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crystalline-silicon  nanospheres  is  a  self-organized  semi¬ 
conductor-insulator  nanostructure:  crystalline-silicon 
nanospheres  are  covered  with  and  connected  by 
amorphous  silicon  oxide  at  a  nearly  equal  spacing 
forming  a  chain-like  structure.  The  chains  are  grown  via 
an  extension  of  the  well-known  vapor-liquid-solid 
(VLS)  mechanism  from  gold  catalysts.  We  found  that 
the  chain  growth  is  strongly  affected  by  additional  metal 
impurities  such  as  lead  [4].  In  this  paper,  we  discuss  the 
structure,  growth  mechanism,  role  of  metal  impurities  in 
the  chain  growth,  and  properties. 


2.  Growth  and  structure 

Phosphorous-doped  silicon  (100)  was  used  as  a 
substrate  and  gold  of  about  lOnm  thick  was  deposited 
on  each  substrate  via  vacuum  evaporation.  In  order  to 
add  metal  impurities  such  as  lead  to  gold  catalyst,  each 
sample  was  sealed  in  a  silica  glass  ampoule  with  a  small 
piece  of  metal  in  a  vacuum  of  10~5Torr  and  heated  at  a 
specific  temperature  for  30  min.  Then,  only  the  sample 
was  sealed  in  a  new  ampoule  in  a  vacuum  of  10~5Torr 
and  heated  at  1230°C.  Transmission  electron  micro¬ 
scopy  (TEM)  observations  were  performed  using  a 
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200kV-TEM.  JEOL  JEM-2010.  Energy-filtered  TEM 
images  were  obtained  using  a  Gatan  Image  Filter  with  a 
charge  coupled  device  (CCD)  detector  equipped  in  a 
300kV-TEM,  JEOL  JEM-3000F  instrument  at  Osaka 
National  Research  Institute. 

By  using  gold/lead  catalysts,  numerous  chains  were 
grown  on  the  silicon  substrate  as  shown  in  Fig.  1(a).  The 
chains  have  a  wire-like  one-dimensional  structure; 
however,  their  diameters  are  periodically  modulated. 
In  fact,  there  is  a  silicon  nanocrystallite  in  the  core  of 
each  knot.  Some  crystalline-silicon  nanospheres  are 
defective  and  have  a  twin  structure  as  shown  in 
Fig.  1(b).  The  necks  which  connect  nanospheres  and 
the  surface  layers  of  silicon  nanospheres  are  amorphous 
silicon  oxide. 

When  lead  was  not  added  to  the  gold  catalyst,  the 
chain  growth  became  unstable  and  many  silicon 
nanowires  were  grown  as  by-products  of  the  chains.  In 
Fig.  2,  we  show  the  yield  of  the  chain  growth  against  the 
temperature  at  which  lead  was  added.  Clearly,  the  chain 
growth  is  promoted  by  additional  lead. 


3.  Growth  mechanism  and  role  of  metal  impurities 

As  shown  in  Fig.  1(a),  there  is  a  gold  particle  at  the 
end  of  a  chain.  This  is  a  strong  evidence  that  the  chains 
are  grown  via  the  VLS  process.  The  growth  mechanism 
of  the  chains  of  crystalline-silicon  nanospheres  was 
speculated  by  authors  as  follows:  (i)  the  diameter  of  a 
silicon  nanowire  changes  periodically  due  to  a  periodic 
instability  in  the  wetting  property  of  a  molten  catalyst  at 
the  tip  of  the  wire;  (ii)  the  wire  was  oxidized  completely 
at  the  necks  and  incompletely  at  the  knots  leaving  a 
silicon  nanosphere  in  the  core  of  each  knot. 

The  periodic  instability  in  the  wetting  property  is 
explained  by  the  following  feedback  mechanism  [5,6].  If 
the  diameter  of  a  wire  changes,  then  the  curvature  of  the 
molten  catalyst  changes.  As  a  consequence,  the  amount 
of  vapor  silicon  taken  in  the  catalyst  at  the  vapor-liquid 
interface  changes  due  to  the  Gibbs-Thomson  efTect.  If 
the  mole  fraction  of  silicon  in  the  molten  catalyst 
changes,  then  the  roughness  of  the  liquid-solid  interface 
changes  due  to  the  efTect  of  the  kinetic  roughening 
resulting  in  the  change  in  the  wetting  property  of  the 
molten  catalyst  and  the  diameter  of  the  wire.  Taking  the 
above  feedback  mechanism  into  account,  we  performed 
computer  simulations  of  the  chain  growth  and  found 
that  the  periodic  instability  was  induced  by  the  feedback 
mechanism  [6]  with  adequate  parameters  such  as 
temperature,  size  of  molten  catalyst  and  balance  of 
interface  tensions.  Considering  the  fact  that  the  periodic 
instability  was  sensitive  to  the  parameters  in  our 
simulations,  we  speculate  that  the  metal  impurities  such 
as  lead  affect  the  balance  of  interface  tensions  and 
promote  the  periodic  instability.  When  we  added  copper 


Fig.  1.  (a)  TEM  image  of  the  chains  of  crystalline-silicon 
nanosphcrcs.  A  tip  of  a  chain  is  indicated  by  an  arrow,  (b)  High 
resolution  TEM  image  of  a  chain  showing  a  twin  boundary. 


Au  200  400  600  800  1000 

Pb-treatment  temperature  (°C) 

Fig.  2.  Yield  of  the  chain  growth  as  a  function  of  the  lead- 
treatment  temperature  (closed  circles).  Closed  triangles  corre¬ 
spond  to  the  yields  without  lead  treatment. 

instead  of  lead,  many  silicon  nanowires  were  grown 
instead  of  the  chains.  It  is  likely  that  copper  also  changes 
the  balance  of  interface  tensions,  but  it  suppresses  the 
periodic  instability. 

TEM  observations  also  support  our  growth  model 
indicating  that  the  surface  oxidation  plays  an  essential 
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Fig.  3.  Energy-filtered  TEM  image  of  a  chain  of  crystalline- 
silicon  nanospheres  showing  tails  of  a  silicon  nanocrystallite. 


role  in  the  chain  growth.  In  Fig.  3,  we  show  an  energy- 
filtered  TEM  image  of  chains,  where  the  electrons  which 
lost  their  energy  by  exciting  silicon  bulk  plasmon  (16- 
17  eV)  were  used  to  form  the  image  [7].  Accordingly,  the 
silicon  nanocrystallites  in  the  chain  can  be  seen  clearly. 
As  is  shown,  tails  of  silicon  which  extend  into  the  core  of 
wires  were  observed.  This  image  clearly  proves  that  the 
silicon  nanocrystallites  were  formed  as  a  consequence  of 
the  surface  oxidation  of  diameter-modulated  silicon 
nano  wires. 


4.  Raman  scattering  measurements 

In  order  to  reveal  microscopic  features  of  the  chains, 
we  performed  Raman  scattering  measurements.  The 
Raman  scattering  spectra  were  obtained  at  room 
temperature  using  a  Jobin-Yvon  T64000  spectrometer 
with  an  LN2-cooled  CCD  detector.  The  spectrum 
resolution  was  0.6  cm-1.  The  514.5  nm  line  of  an  Ar 
ion  laser  was  used  for  excitation  and  the  excitation  light 
was  focused  to  a  spot  of  6  pm  in  diameter  with  a  power 
density  of  about  70mW/cm2.  We  confirmed  that  the 
thermal  effect  on  Raman  spectra  due  to  laser  heating 
was  negligible.  In  order  to  avoid  background  scattering 
from  a  substrate,  chains  were  grown  on  a  molybdenum 
substrate.  A  chain  sample  with  silicon  nanospheres  of 
5  +  1  nm  in  diameter  and  oxide  layers  of  2.7  + 0.3  nm 
thickness  was  examined.  In  Fig.  4,  we  show  a  Raman 
spectrum  of  the  chain  sample  with  that  of  bulk  crystal¬ 
line-silicon.  The  FWHM  of  the  one-phonon  Raman 
line  of  the  chain  sample  was  measured  to  be  11cm-1, 
while  that  of  bulk  crystalline-silicon  was  3  cm-1 
including  the  instrument  broadening.  In  addition, 
the  line  shape  of  the  Raman  line  of  the  chain 
sample  was  asymmetric.  These  features  can  be  attributed 
to  the  effect  of  phonon  confinement  in  the  silicon 
nanospheres. 


Raman  shift  (crrr1) 

Fig.  4.  Raman  scattering  spectra  of  chains  of  crystalline-silicon 
nanospheres  and  bulk  crystalline-silicon. 


5.  Conclusion 

We  have  grown  dense  chains  of  crystalline-silicon 
nanospheres  by  controlling  metal  impurities  in  the 
growth  process.  Growth  mechanism  of  the  chains  was 
revealed  by  computer  simulations  and  TEM  observa¬ 
tions.  By  adding  lead  to  gold  catalysts,  the  yield  of  chain 
growth  was  remarkably  increased.  It  appears  that  lead 
promotes  periodic  instability  in  the  wetting  property  of 
the  molten  catalysts  at  the  tips  of  growing  chains.  We 
also  performed  Raman  scattering  measurements  of  the 
chains  and  found  that  phonons  were  confined  in  the 
silicon  nanospheres  in  the  chains. 
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Abstract 

The  effects  of  P  doping  on  defects  in  Sii .  vGev  alloy  nanocrystals  (nc-Si  |...vGev)  embedded  in  Si02  thin  films  were 
studied  by  electron  spin  resonance  (ESR)  and  photoluminescence  (PL)  spectroscopy.  P  doping  resulted  in  a  drastic 
decrease  in  the  ESR  signals,  which  are  assigned  to  the  Si  and  Ge  dangling  bonds  at  the  interfaces  between  nc-Sii_.vGe.v 
and  matrices  (Si  and  Ge  Pb  centers).  It  was  found  that,  with  increasing  P  concentration,  the  signal  from  Ge  Pb  centers  is 
first  quenched,  and  then  the  quenching  of  the  signal  from  Si  Ph  centers  starts.  The  quenching  of  the  ESR  signals  was 
accompanied  by  a  drastic  enhancement  of  PL  intensity.  (r>  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  78.55. -m:  78.67.~n:  76.30.-v 

Keywords:  Dangling  bond:  Alloy  nanocrystals:  P  doping;  Photolumincsccnce 


Si  nanocrystals  (nc-Si)  show  efficient  luminescence  in 
near-infrared  to  visible  regions  due  to  the  quantum 
confinement  effects  [1-3].  However,  even  for  nc-Si 
several  nanometers  in  diameter,  the  indirect  band  gap 
nature  of  bulk  Si  crystal  is  highly  preserved  [4].  This 
results  in  a  long  luminescence  lifetime  (small  optical 
transition  oscillator  strength).  This  long  lifetime  is  one 
of  the  obstacles  to  realizing  Si-based  light-emitting 
devices.  Si|_vGev  alloy  formation  is  expected  to  offer  a 
way  for  enhancing  the  optical  transition  oscillator 
strength.  In  fact,  the  shortening  of  the  radiative  lifetime 
with  increasing  Ge  concentration  has  been  demonstrated 
for  Si]_vGev  alloy  nanocrystals  (nc-Si i  vGev)  in  Si02 
matrices  [5.6]  and  porous  Si]..vGev  [7].  However,  the 
formation  of  nc-Si  i  vGev  is  often  accompanied  by  the 
degradation  of  band-edge  photoluminescence  (PL) 
efficiency  [5]. 

In  our  previous  work,  we  studied  the  electron  spin 
resonance  (ESR)  and  PL  properties  of  nc-Si i  vGev  in 
Si02  [8].  It  was  found  that  the  ESR  spectrum  is  a 
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superposition  of  signals  from  Si  and  Ge  dangling  bonds 
at  the  interfaces  between  nc-Si i_.vGe.v  and  Si02  matrices 
(Si  and  Ge  Ph  centers).  As  the  Ge  concentration 
increased,  the  signal  from  the  Ge  Ph  centers  increased, 
while  that  from  the  Si  Ph  centers  was  nearly  independent 
of  Ge  concentration.  The  increase  in  the  number  of  Ge 
Ph  centers  was  accompanied  by  strong  quenching  of  the 
PL.  The  observed  correlation  between  the  two  measure¬ 
ments  suggests  that  the  Ge  Pb  centers  act  as  efficient 
non-radiative  recombination  centers  for  photogenerated 
carriers,  resulting  in  the  quenching  of  the  band-edge  PL. 

Proper  surface  passivation  is  essential  in  obtaining 
efficient  luminescence.  Surface  passivation  controls  the 
luminescence  intensity  through  the  elimination  of  the  Ph 
centers.  The  passivation  of  Si  Ph  centers  by  hydrogen 
and  oxygen  has  been  reported  to  be  effective  in 
improving  luminescence  efficiency  [9.10].  Recently,  we 
demonstrated  that  Si  Ph  centers  can  effectively  be 
passivated  by  P  doping  [11-13].  It  was  shown  that,  as 
the  P  concentration  increases,  the  intensity  of  the  band- 
edge  PL  increases  drastically,  while  Si  Ph  centers-related 
PL  decreases.  These  results  suggest  that  the  density  of 
the  Ph  centers  decreases  by  P  doping,  leading  to  the 


0921*4526/01  see  front  matter  o  2001  Elsevier  Science  B.V.  All  rights  reserved. 
PII:  S09 2  1  -4526(0  1  ) 0 0 8 9 8 - 5 


K.  Toshikiyo  et  al  /  Physica  B  308-310  (2001)  1100-1103 


1101 


improvement  in  the  band-edge  PL  efficiency.  For  nc- 
Si  i_A-Gev,  the  passivation  of  Ge  Pb  centers  by  similar 
approaches  might  be  possible.  In  this  work,  we  prepared 
nc-Sii_.vGev  as  small  as  4  nm  in  diameter  embedded  in 
phosphosilicate  glass  (PSG)  thin  films  with  different  P 
concentrations  and  studied  the  ESR  and  PL  properties. 

P-doped  Sii_.YGe.Y  alloy  nanocrystals  were  prepared 
by  co-sputtering  of  Si,  Ge,  Si02,  and  PSG  [5,6].  After 
the  deposition,  films  were  annealed  in  an  N2  gas 
atmosphere  for  30  min  at  1100°C  to  grow  nc-Si  i_AGeA 
in  PSG  matrices.  P  and  Ge  concentrations  were 
determined  by  electron  probe  microanalysis  and  Raman 
spectroscopy  [5],  respectively.  P  concentration  was 
varied  from  0  (without  P  doping)  to  about  1.0mol%. 
Ge  concentration  (x)  was  fixed  at  0.3.  Experimental 
details  are  found  in  our  previous  papers  [5,6,8]. 

Figs.  1(a)  and  (b)  show  PL  spectra  of  nc-Sio.9Ge0.i 
(sample  A)  and  nc-SiojGeoj  (sample  B)  with  various  P 
concentrations,  respectively.  PL  peaks  are  observed 
around  1.4  and  0.9  eV.  The  1.4  eV  PL  peak  corresponds 
to  the  band-edge  PL.  The  0.9  eV  peak  is  generally 
assigned  to  the  recombination  of  photoexcited  carriers 
via  Si  Pb  centers  [11,12,14].  The  integrated  intensities  of 
the  band-edge  PL  and  the  0.9  eV  PL  are  shown  in  Fig.  2 
as  a  function  of  P  concentration.  With  increasing  P 
concentration,  the  intensities  of  the  band-edge  PL  for 
both  the  samples  first  increase  and  then  decrease.  The 
PL  intensity  of  sample  A  is  improved  by  a  factor  of  3, 
while  that  of  sample  B  by  a  factor  of  14.  The  maximum 
PL  intensities  are  almost  the  same  for  both  series  of 
samples  and  are  also  almost  the  same  as  the  maximum 
PL  intensity  of  P-doped  pure  nc-Si  [1 1,12].  In  Fig.  2,  for 
sample  A,  the  intensity  of  the  0.9  eV  PL  decreases 
monotonically,  while  for  sample  B  that  takes  a 
maximum  at  0.6  mol%. 


Fig.  1.  Photoluminescence  from  nc-Si  t_.YGeA  with  (a)  x  —  0.1 
and  (b)  x  =  0.3  dispersed  in  PSG  thin  films  at  10  K. 


Fig.  2.  Intensities  of  the  band-edge  PL  and  Si-Pb-center-related 
PL  at  10  K  as  a  function  of  P  concentration.  Vertical  axis 
represents  the  PL  intensity  with  respect  to  the  band-edge  PL 
intensity  of  nc-Sio.9Ge<u  in  Si02  (without  P  doping). 
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Fig.  3.  Integrated  ESR  spectra  of  nc-Sii_A-GeA  dispersed  in 
PSG  thin  films  at  room  temperature. 


Figs.  3(a)  and  (b)  show  the  integrated  ESR  spectra  of 
samples  A  and  B  with  various  P  concentrations, 
respectively.  For  the  samples  without  P  doping,  asym¬ 
metric  ESR  signals  are  observed;  the  g-value  and  the  line 
width  are  2.0058  and  10.7  G  for  sample  A,  and  2.0103 
and  36.6  G  for  sample  B.  These  signals  can  be  assigned 
to  a  superposition  of  signals  from  Si  and  Ge  Pb  centers 
[8].  As  the  P  concentration  increases,  the  intensity  of  the 
ESR  signals  decreases.  Fig.  4  shows  the  integrated 
intensities  of  the  ESR  signals  for  Si  and  Ge  Pb  centers 
as  a  function  of  P  concentration.  The  intensities  are 
obtained  by  deconvoluting  the  ESR  spectrum  into  two 
Lorentzian  functions.  In  the  sample  A,  intensities  of  Si 
and  Ge  Pb  centers  decrease  at  almost  the  same  rate  with 
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Fig.  4.  Integrated  intensities  of  ESR  signals  from  Si  and  Ge  Ph 
centers  as  a  function  of  P  concentration.  Vertical  axis  represents 
the  ESR  intensity  with  respect  to  the  intensity  of  Ge  Ph  centers 
in  nc-Si(i.<>Gen.]  in  SiO:  (without  P  doping). 

increasing  P  concentration,  indicating  that  the  number 
of  Si  and  Ge  Ph  centers  decreases  monotonically  by  P 
doping.  On  the  other  hand,  in  the  sample  B,  Si  and  Ge 
Ph  centers  exhibit  different  P  concentration  dependence; 
the  intensity  of  the  signal  from  Ge  Ph  centers  decreases 
rapidly  with  increasing  P  concentration,  while  that  from 
Si  Ph  centers  is  almost  constant  at  low  P  concentration 
range  and  then  decreases  gradually  with  further 
increasing  P  concentration. 

The  present  P  concentration  dependences  of  PL  and 
ESR  properties  can  consistently  be  explained  by  the 
following  model.  From  a  point  of  view  of  PL  properties, 
nc-Si]_  vGev  embedded  in  SiO:  matrices  can  be  classified 
into  four  categories.  One  is  nc-Si  without  non-radiative 
recombination  centers,  which  show  the  band-edge  PL 
around  1.4  eV.  The  second  kind  of  nanocrystals  are 
those  having  at  least  one  Si  Ph  center.  These  nanocrys¬ 
tals  do  not  show  the  band-edge  PL  but  show  only  the 
0.9  eV  PL  at  low  temperatures.  The  third  and  last  kind 
of  nanocrystals  are  those  having  at  least  one  Ge  Pb 
centers  and  both  the  Si  and  Ge  Pb  centers,  respectively. 
In  these  nanocrystals,  photoexcited  carriers  are  thought 
to  be  preferentially  trapped  at  Ge  Pb  centers  and 
recombine  non-radiatively  even  at  low  temperatures 
[8].  The  present  samples  are  the  ensemble  of  these  four 
kinds  of  nanocrystals.  With  increasing  Ge  concentra¬ 
tion,  the  number  of  nanocrystals  not  emitting  light 
increases,  resulting  in  the  quenching  of  both  the  band- 
edge  PL  and  Si-Pb-center-related  PL.  This  Ge  concen¬ 
tration  dependence  of  the  PL  and  ESR  intensities  can 
clearly  be  seen  in  Figs.  2  and  4. 

Fig.  4  demonstrates  that  not  only  Si  Pb  centers  but 
also  Ge  Pb  centers  are  passivated  by  P  doping.  The 
passivation  is  considered  to  be  made  electrically,  i.e., 
electrons  supplied  by  P  doping  are  trapped  at  Ph  centers 
and  inactivate  the  centers.  The  quenching  of  the  ESR 
signals  from  Ge  Pb  centers  is  much  faster  than  that  from 


Si  Pb  centers.  This  result  indicates  that,  if  both  Si  and  Ge 
Pb  centers  exist  in  one  nc-Si i_vGev,  electrons  supplied 
by  P  doping  are  preferentially  captured  by  Ge  Pb 
centers.  After  completing  the  passivation  of  Ge  Pb 
centers,  the  passivation  of  Si  Pb  centers  starts. 

Preferential  passivation  of  Ge  Pb  centers  increases  the 
number  of  nanocrystals  which  do  not  have  electrically 
active  Ge  Pb  centers.  As  a  result,  in  nc-SifuGeoj,  the 
intensities  of  both  the  band-edge  PL  and  Si-Pb-center- 
related  PL  are  enhanced  by  P  doping,  i.e..  Si  Pb  centers 
remain  active  even  if  the  P  concentration  is  relatively 
high.  On  the  other  hand,  in  nc-Si() <)Ge()  i ,  the  number  of 
nanocrystals  having  Ge  Pb  centers  is  small.  Therefore, 
the  passivation  of  Si  Pb  centers  starts  at  low  P 
concentration,  resulting  in  the  quenching  of  Si-Pb- 
center-related  PL  at  low  P  concentration  region. 

At  high  P  concentration,  after  completing  the 
passivation  of  both  Si  and  Ge  Pb  centers,  electrically 
active  P  atoms  supply  free  electrons  in  nc-Si i_AGev. 
Although  not  shown  in  this  article,  in  the  range  where 
PL  intensity  decreases,  optical  absorption  due  to  the 
intravalley  transition  of  electrons  generated  by  P  doping 
in  the  conduction  band,  i.e.,  free-electron  absorption  in 
nc-Si]  vGev  is  observed.  This  is  the  direct  evidence  that 
free  electrons  are  generated  in  nc-Si|_vGeA.  The  genera¬ 
tion  of  free  electrons  and  the  resultant  three-body  Auger 
recombination  of  electron-hole  pairs  is  considered  to  be 
responsible  for  the  observed  PL  quenching. 

In  conclusion,  the  effects  of  P  doping  on  defects  in  nc- 
Si]  vGev  in  SiO:  thin  films  were  studied.  It  was  found 
that  doped  P  atoms  can  play  some  different  roles, 
depending  on  the  condition  of  surface  termination.  If  P 
atoms  are  doped  in  nc-Si] _.vGev  with  Si  and  Ge  Pb 
centers,  electrons  supplied  by  P  doping  are  preferentially 
captured  by  Ge  Pb  centers  and  inactivate  the  centers. 
After  completing  the  passivation  of  Ge  Pb  centers,  the 
passivation  of  Si  Pb  centers  starts.  This  results  in  the 
improvement  in  the  PL  efficiency. 
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Abstract 

We  present  the  findings  of  high  efficient  light  absorption  in  self-assembled  quantum  wells  (SQW)  embedded  in  silicon 
microcavities  that  exhibit  a  distributed  feedback  identified  by  the  FIR  transmission  spectra.  The  photo  and 
electroluminescence  from  SQW  is  found  to  be  enhanced  in  the  range  of  the  Rabi  splitting.  The  intraband  hole 
transitions  are  shown  to  give  rise  to  a  fast  energy  transfer  into  the  d-shell  transitions  of  the  center  incorporated  into  the 
microcavity  which  is  caused  by  the  strong  sp-d  mixing  in  the  built-in  electric  field  and  revealed  by  the  intracenter 
emission,  (f '  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Single  centers:  Microcavity;  Scanning  tunneling  microscopy 


1.  Introduction 

Dopant  diffusion  in  silicon  is  known  to  be  amenable 
to  control  by  means  of  adjusting  the  fluxes  of  self¬ 
interstitials  and  vacancies  emerging  from  the  mono¬ 
crystalline  surface  [1].  The  diffusion  of  boron  has  been 
found  to  be  enhanced  along  the  <111)  axis  in  the 
Si{100)  wafer  covered  by  the  thin  oxide  overlayer, 
whereas  the  presence  of  thick  oxide  overlayer  on  the 
Si(100)  wafer  raises  the  boron  diffusion  along  the 
<100)  axis  [2].  These  indications  point  out  the 
crystallographic  orientation  of  the  excess  fluxes  of  self¬ 
interstitials  and  vacancies  that  seem  to  involve  dopants 
in  the  diffusion  process  and  to  be  split  into  space- 
independent  parts  generated  by  the  oxidized  working 
side.  The  goal  of  the  present  work,  which  studied  the 
absorption  and  emission  from  self-assembled  quantum 
wells  (SQW)  inside  the  ultra-shallow  boron  diffusion 
profile,  is  to  exhibit  silicon  microdefects  induced  by  the 
excess  fluxes  of  self-interstitials  that  form  the  micro- 
cavities  embedded  in  SQW. 
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2.  Methods 

The  short-time  boron  diffusion  was  carried  out  from 
the  gas  phase  into  350  mm  thick  n-type  monocrystalline 
Si(l  00)-wafers  with  resistivities  20Qcm.  The  wafers  were 
previously  oxidized  at  1 1 50  C  in  dry  oxygen  containing 
CCU  vapors.  Short-time  impurity  doping  was  done  under 
fine  surface  injection  of  both  self-interstitials  and 
vacancies  into  windows  which  were  cut  in  the  oxide  after 
preparing  a  mask  and  performing  the  subsequent 
photolithography.  Additional  replenishment  with  dry 
oxygen  into  the  gas  phase  during  the  diffusion  process 
provides  the  generation  of  excess  fluxes  of  intrinsic  point 
defects  from  the  working  side.  The  variable  parameters  of 
the  diffusion  experiment  were  the  oxide  overlayer 
thickness,  the  diffusion  temperature  and  the  Cl  levels  in 
the  gas  phase  during  the  diffusion  process.  Diffusion 
profiles  were  studied  using  the  four-point  probe,  SIMS, 
cyclotron  resonance  (CR),  infrared  Fourier  spectroscopy 
and  scanning  tunneling  microscopy  (STM)  techniques. 


3,  Results 

Using  SIMS  and  four-point  probe  technique  under 
layer-by-layer  etching,  the  analysis  of  the  structures 
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Fig.  1.  STM  images  of  the  ultra-shallow  boron  diffusion 
profiles  prepared  at  diffusion  temperature  of  S00°C  (a  and  b) 
and  900°C  (c)  into  the  Si(100)  wafer  covered  previously  by 
thick  (a),  thin  (b)  and  medium  (c)  oxide  overlayer.  X||[001], 
T||[0  1  0],  Z || [1  00]. 


obtained  shows  that  the  ultra-shallow  boron  profiles 
consist  of  SQW  divided  by  heavily  doped  ^-barriers.  The 
SQW  characteristics  have  been  identified  by  the  CR 
angular  dependencies  and  current-voltage  (CV)  dia¬ 
grams  and  brought  about  the  deflection  of  the  bias 
voltage  from  the  normal  to  the  p+-n  junction  plane. 

Space-independent  excess  fluxes  of  intrinsic  defects 
that  cause  the  formation  of  SQW  appear  to  be 
transformed  also  into  microdefects  which  can  be 
revealed  by  the  STM  technique  as  the  deformed 
potential  fluctuations  (DPF)  near  the  Si-Si02  interface 
and  the  surface  of  the  ultra-shallow  diffusion  profile. 
The  DPF  effect  induced  by  the  microdefects  of  the  self¬ 
interstitials  type  that  are  displayed  as  light  poles  in 
Fig.  1  is  demonstrated  to  be  brought  about  by  the 
previous  oxidation  and  to  be  enhanced  by  subsequent 
boron  diffusion.  The  STM  technique  allowed  to  define 
crystallographic  orientation  of  DPF  obtained  by  using 
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Fig.  2.  The  model  of  self-assembled  microcavity  systems  (a) 
prepared  on  the  Si(100)  wafer  and  revealed  by  spectral 
dependence  of  the  light  transmission  coefficient  (b)  that 
demonstrates  at  7  =  300K  the  enhancement  of  the  photo¬ 
luminescence  (c)  from  self-assembled  quantum  well  (1)  and 
single  residual  transition  metal  center  (2). 


thick  (Fig.  la)  and  thin  (Fig.  lb)  oxide  overlayer  that 
corresponds,  respectively,  to  the  <100)  and  <111) 
axis  and  visualizes  practically  the  orientation  of  excess 
fluxes  of  self-interstitials  as  a  function  of  the  oxide 
overlayer  thickness.  The  analysis  of  the  STM  image  of 
the  ultra-shallow  boron  profile  prepared  under  parity 
conditions  between  diffusion  mechanisms  (Fig.  lc) 
enables  one  to  hazard  a  conjecture  that  the  dimension 
of  the  microdefect  observed  is  consistent  with  the 
parameters  expected  from  the  tetrahedral  model  of  the 
Si60  cluster  [3].  Thus,  the  DPF  effect  gives  rise  to  the 
formation  of  self-assembled  quantum  antidots  with 
dimensions  that  are  equalized  as  the  diffusion  tempera¬ 
ture  increases.  Besides,  the  interplay  between  the 
dimensions  of  these  antidots  and  their  distribution 
inside  the  ultra-shallow  diffusion  profile  prepared  on 
the  Si(l  00)  wafer  is  found  to  be  evidence  of  the  fractal 
mechanism  that  causes  the  formation  of  the  microcav¬ 
ities  embedded  into  the  SQW  system  (Fig.  2a). 

These  silicon  microcavities  are  revealed  by  the  spectral 
dependencies  of  the  transmission  coefficient  that  exhibits 
a  distributed  feedback  identified  by  the  Rabi  splitting  [4] 
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(Fig.  2b  and  c).  The  photoluminescence  from  the  SQW 
embedded  in  microcavity  is  found  to  be  created  in 
spectral  range  of  the  Rabi  splitting  (Fig.  2c).  Besides,  the 
strong  coupled  d-electron  states  of  a  residual  transition 
metal  center  with  the  s-p  electronic  states  of  the  host 
SQW  are  also  revealed  by  the  intracenter  emission  that 
seems  to  exhibit  the  transitions  induced  by  the  Stark 
effect  caused  by  the  built-in  electric  field  of  the  quantum- 
size  p +  -n  junction  (Fig.  2c).  The  quenching  and 
regeneration  of  the  SQW  luminescence  demonstrated 
by  the  angular  dependencies  of  the  transmission  spectra 
appears  to  be  defined  by  the  orientation  of  the  self- 
assembled  quantum  well  along  the  Si(100)  p 1 -n 
junction  plane  (Fig.  3).  The  angular  dependent  positions 
of  the  intracenter  emission  lines  that  seem  to  be  due  to 
the  strong  sp-d  mixing  allow  one  to  propose  the 
excitation  of  the  EPR  transitions  in  the  micron  range 
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Fig.  3.  The  transmission  spectra  measured  at  different  angles 
between  the  normal  to  the  Si(l  00)  surface  and  the  light  beam, 
a,  that  causes  the  intraband  and  intracenter  emission  from  the 
p-type  SQW  embedded  in  the  silicon  microcavity.  T  =  300  K. 
(a)  =  0  ,  (b)  -y  =  20  .  (c)  -y  =  30'. 


Fig.  4.  The  energy  band  diagrams  of  the  ultra-shallow  p  f-n 
silicon  junction  that  consists  of  quantum  wells  divided  by 
heavily  doped  (5-barriers,  which  exhibit  the  cascade  visible 
emission  under  injection  of  both  electrons  and  holes  (a)  and  the 
infrared  emission  under  injection  of  only  holes  (b). 


under  strong  coupling  of  the  light  beam  to  the 
microcavity  embedded  in  the  SQW  series  (Fig.  3),  the 
model  of  which  is  in  progress. 

Finally,  the  resonant  tunneling  through  strongly 
coupled  quantum  well  series  that  is  accompanied  by 
the  cascade  emission  under  injection  of  both  electrons 
and  holes  (Fig.  4a)  or  only  holes  (Fig.  4b)  is  able  to  be  a 
basis  of  high  efficient  visible  (Fig.  5a)  and  infrared 
(Fig.  5b)  electroluminescence. 
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Fig.  5.  The  electroluminescence  spectra  caused  by  the  visible 
(a)  and  infrared  (b)  emission  from  p-type  SQW  series  embedded 
in  the  silicon  microcavity,  T  =  300  K.  (a)  The  external  quantum 
efficiency  of  the  white  light  emission  (1)  is  equal  to  0.5%, 
/rcv  =  25  mA,  t/rcv  —  40  V,  which  is  in  a  good  agreement  with 
the  spectral  eye  sensitivity  (2).  (b)  The  external  quantum 
efficiency  of  the  infrared  light  emission  is  equal  to  7%, 
/rev  —  30  mA. 


4.  Summary 

The  microdefects  that  are  formed  by  self-interstitials 
inside  p+-n  junctions  in  the  diffusion  process  of  boron 
into  the  Si(100)  wafer  have  been  demonstrated  to 
promote  the  realization  of  the  silicon  microcavities 
embedded  in  SQW.  The  luminescence  from  silicon 
quantum  wells  has  been  found  to  be  enhanced  in  the 
range  of  the  Rabi  splitting.  The  intraband  hole 
transitions  have  been  shown  to  give  rise  to  a  fast  energy 
transfer  into  the  d-shell  transitions  of  the  center 
incorporated  into  the  microcavity,  which  is  revealed  by 
the  intracenter  emission. 
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Abstract 

Photoluminescence  spectra  and  their  dependence  on  the  temperature  have  been  used  to  study  the  peculiarities  of  the 
red  photoluminescence  in  low-dimensional  Si  structures,  such  as  porous  silicon  and  silicon  oxide  films  with  an 
admixture  of  silicon.  It  has  been  shown  that  red  photoluminescence  band  of  Si  wires  is  complex  and  can  be  decomposed 
into  two  elementary  bands.  Practically  the  same  positions  of  photoluminescence  bands  are  observed  in  silicon  oxide 
films.  Comparative  investigation  of  photoluminescence  temperature  dependence  in  Si  wires  and  silicon  oxide  indicates 
that  oxide  defect  related  mechanisms  for  photoluminescence  bands  are  involved.  The  photoluminescence  excitation 
mechanisms  in  both  objects  are  discussed  as  well,  (r  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  room  temperature  visible  photoluminescence 
(PL)  of  Si  wire  structures,  such  as  porous  silicon  (PSi) 
and  silicon  nanoparticles  in  silicon  oxide,  has  attracted 
much  attention  due  to  the  high  PL  efficiency  and  its 
potential  applications  in  Si-based  optoelectronics.  Since 
the  work  of  Canham  in  1990  [1],  many  studies  of  PSi 
have  been  carried  out  [2].  The  visible  PL  can  be 
explained  either  as  related  to  size  distribution  of 
quantum  confined  nanocrystals  [1]  or/and  as  a  result 
of  the  emission  of  different  types  of  radiative  centres  on 
Si-wire  surface  [3]:  polysilan  complexes  [4],  siloxene 
molecules  [5],  water  molecules  with  impurities  [6], 
defects  in  silicon  oxide  [7]  and  suboxide  [8],  The 
possibility  of  the  emission  of  excitons  at  the  Si/SiCL 
interface  has  been  suggested  as  well  [9].  Surprisingly 
little  attention  has  been  paid  to  the  peculiarities  of  the 
luminescence  spectrum  itself,  which  is  of  fundamental 
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importance.  Furthermore,  it  was  proposed  earlier  [I], 
that  only  in  porous  silicon  with  a  high  level  of  porosity 
(70-80%)  one  could  expect  intensive  photolumines¬ 
cence.  But  there  are  many  examples  of  high  PL  intensity 
in  PSi  with  very  low  porosity,  like  10%  [10]  or  22%  [11]. 
Thus,  the  origin  of  the  visible  luminescence  from  PSi  still 
needs  to  be  clarified. 

The  investigations  of  photoluminescence  of  silicon 
oxide  films  with  an  admixture  of  silicon  are  not 
numerous  [12-16].  The  main  aim  of  such  studies  was 
to  determine  the  photoluminescence  mechanism  of  Si- 
wire  structures.  As  far  as  we  know,  the  temperature 
dependence  of  the  photoluminescence  in  these  structures 
has  not  been  reported  so  far. 

This  paper  presents  a  spectral  characterization  of 
the  PSi  photoluminescence  emphasizing  its  depen¬ 
dence  on  temperature  (T)  and  technological  condi¬ 
tions.  The  photoluminescence  of  silicon  oxide  films 
with  an  admixture  of  the  silicon  has  also  been 
investigated.  In  these  films,  it  was  possible  to  change 
the  content  of  Si  in  the  oxide  from  suboxide  up  to 
dioxide.  Models  of  two  luminescence  transitions 
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and  corresponding  excitation  and  recombination  me¬ 
chanisms  are  discussed. 


2.  Experimental  results 

The  PSi  samples  were  prepared  from  p-type,  B-doped, 
(1  00)  oriented  silicon  wafers  of  l.OQcm  resistivity.  The 
porous  layers  were  obtained  by  electrochemical  etching 
in  a  solution  of  HF :  H20 :  C2H5OH  (1:1:2).  Groups  of 
samples  prepared  at  an  etching  duration  of  t-d  =  10  min 
and  several  values  of  the  etching  current  densities 
(7a  =  5,  10,  15,  20,  50  and  75  mA/cm2)  were  investigated. 

The  co-sputtered  films  were  prepared  by  sputtering 
from  two  electrodes,  one  with  a  silicon  target  and  the 
other  with  a  quartz  target  on  a  long  (15  cm)  quartz 
substrate.  In  this  manner,  variation  of  the  Si  content  in 
the  film  is  obtained.  The  films  were  subsequently 
annealed  at  1100°C  in  an  inert  atmosphere  in  order  to 
make  them  photoluminescent.  The  continuous  change  of 
the  Si-SiOY  composition  could  be  observed  by  the 
change  of  the  film  colour  from  brown  at  the  Si-rich  end 
to  transparency  at  the  Si-poor  end.  The  brown  colour 
indicates  the  formation  of  a  suboxide,  while  the 
transparent  end  is  mostly  dioxide. 

PL  spectra  have  been  measured  by  excitation  of  the 
PSi  with  an  Ar+  laser  tuned  at  a  wavelength  of  5145  A. 
The  PL  signals  were  dispersed  with  a  Model  1403 
Spectrometer.  PL  was  studied  in  a  temperature  range  of 
10-300 K. 

2.1.  PL  spectrum  dependences  on  anodization  condition 
and  temperature 

Fig.  1  shows  PL  spectra  for  PSi  samples  obtained  at 
different  technological  conditions.  For  PSi  prepared  at 
low  current  density  (5-20  mA/cm2,  Fig.  la)  the  PL  band, 
peaked  at  hvm  =  1.70- 1.73  eV  (for  different  samples 
used),  with  full  width  at  half  maximum  (FWHM)  equal 
to  300-320  meV,  dominates  at  300  K.  For  all  investi¬ 
gated  samples  this  band  has  essentially  a  symmetric 
Gaussian’s  shape.  While  for  PSi  samples  prepared  at 
high  current  densities  (30-75  mA/cm2,  Fig.  lb)  the  PL 
band  that  dominates  at  300  K,  is  centred  at  1. 9-2.1  eY. 
This  high-energy  PL  band  (hvm  =  1.90— 2.10  eV)  has  a 
symmetric  Gaussian’s  shape  as  well,  but  their  FWHMs 
monotonically  increases  from  340  up  to  390  meV  with 
increasing  PL  peak  energy.  Thus,  it  is  possible  in  a 
controlled  way  to  prepare  samples  with  definite  PL 
elementary  bands. 

The  PL  spectra  variations  with  temperature  for  low 
porosity  (10-20%)  PSi  samples  prepared  at  7a  =  5  mA/ 
cm2  are  presented  in  Fig.  la.  At  300  K  only  the  PL  band, 
with  a  maximum  at  1.73  eV  and  FWHM  of  300- 
320  meV,  is  observed.  The  spectrum  shape,  in  the  T 
range  of  300-8.5  K,  changes  with  T  decrease.  This  is 


Fig.  1 .  (a)  PL  spectra  of  PSi  sample  prepared  at  7a  =  5  mA/cm2 
and  t&  =  10  min  and  measured  at  the  T :  300  (1),  250  (2),  150  (3), 
50  (4)  and  8.5  K  (5).  (b)  PL  spectra  of  PSi  sample  prepared  at 
7a  =  75  mA/cm2,  tA  =  10  min  and  measured  at  the  same 
temperatures,  as  for  (a). 

mainly  due  to  the  increase  of  the  high-energy  part  of  the 
PL  band.  At  the  same  time,  the  peak  shifts  to  1.85  eV 
and  the  FWHM  increases  up  to  450  meV.  As  can  be 
seen,  the  low-energy  sides  of  the  PL  bands  at  these 
temperatures  change,  but  not  much  in  comparison  with 
the  high-energy  sides  (Fig.  la).  It  is  clear  that  a  new  PL 
band  appears  mainly  at  the  high-energy  side  of  the 
spectrum  when  the  T  decreases  (Fig.  la).  Thus,  the  PL 
band  of  PSi  at  low  temperature  has  a  complex  nature 
and  can  be  represented,  as  the  sum  of  two  elementary 
bands:  the  original  band  with  a  peak  at  1.73  eV  and  a 
new  one  with  a  peak  at  1 .95  eV.  This  new  PL  band  has, 
in  general,  a  maximum  at  1.90-2.10  eV  (in  different 
samples)  and  a  FWHM,  which  increases  from  340  meV 
up  to  390  meV  with  increase  in  peak  energy.  The  peak 
intensity  of  the  first  band  also  risen  somewhat  with  T 
decreasing  (Fig.  2a,  curvel).  The  second  band  intensity, 
on  the  other  hand,  monotonically  increases  noticeable 
with  T  decreasing  (Fig.  2a,  curve  2).  The  important 
conclusion  to  be  drawn  from  the  data  presented  is  that 
the  low-energy  and  high-energy  PL  bands  have  different 
T  dependencies  (Fig.  2).  This  indicates  the  presence  of 
two  different  radiative  mechanisms  in  this  PSi. 

In  high  porosity  (70-80%)  PSi  prepared  at  high 
current  the  PL  band,  peaked  at  1.95  eV,  with  FWHM  of 
360  meV  dominates  at  300  K.  With  T  decrease  in  the 
temperature  range  of  300-1 50  K,  the  spectrum  shape 
changes,  mainly  due  to  the  increase  of  the  high-energy 
part  of  the  PL  band  as  well.  The  peak  maximum  shifts  to 
2.10eV  and  the  FWHM  increases  to  400 meV  (Fig.  lb). 
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Fig.  2.  Variation  of  PL  band  intensities  with  the  T  increase  for 
PS  prepared  at  /a  =5  (a)  and  75  (b)  mA/cnr  and  tA  =  10  min  for 
PL  bands  peaked  at  1.73 eV  (la),  1.95  (2a).  1.90cV  (lb)  and 
2. 1 3  eV  (2b). 


As  can  be  seen,  the  low-energy  sides  of  the  PL  bands  at 
these  T  change  only  little  compared  to  the  high-energy 
sides  (Fig.  lb).  There  appears  also  a  new  PL  band  when 
the  T  decreases  (Fig.  lb).  The  PL  band  of  this  PSi  at  low 
temperature  can  be  decomposed  into  two  PL  bands:  the 
original  band  at  1.90  eV  and  a  new  one  at  2.15eV.  The 
peak  intensities  of  both  PL  bands  increase  with  T 
decreasing  in  the  150-300  K  range  (Figs,  lb  and  2b).  The 
intensities  of  both  PL  bands  decrease  with  T  in  the  8.5- 
150K  range  (Fig.  2b). 

2.2 .  PL  studies  of  co-sputtered  Si~SiOy  films 

It  was  assumed  [19-21]  that  the  difference  in  spectral 
positions  of  the  PSi  luminescent  bands  might  be 
connected  with  the  different  composition  of  silicon 
oxide  on  Si  wire  surface,  where  corresponding  radiative 
defects  are  localized.  In  this  case  comparative  PL 
investigation  of  Si-SiOv  films  and  PSi  can.  apparently, 
confirm  such  assumption.  In  Raman  scattering  spectra 
of  the  Si— SiO v  films,  the  Raman  line  at  520cm"1, 
corresponding  to  Si-Si  vibrations  in  crystalline  Si,  has 
not  been  registered.  This  suggests  that  in  these  films 
there  are  no  crystalline  Si  nanoparticles  present.  Thus, 
the  different  colours  of  the  amorphous  oxide  films  are 
connected  with  the  change  in  its  composition  from 
suboxide  (brown  colour)  to  dioxide  (transparent  film). 

Fig.  3  presents  the  PL  spectra  of  these  films.  Two  PL 
bands,  peaked  at  1.6-1.7eV  and  at  2. 1-2.2  eV  with  an 
FWHM  equal  to  320  and  400  meV,  respectively,  were 
measured.  With  increase  of  the  oxygen  content  in  Si~ 
Si0.v  film  the  peak  positions  of  both  bands  shift  towards 


Fig.  3.  (a)  PL  spectra  of  Si  -SiOv  thin  films,  measured  for 
transparent  (dioxide)  part  at  the  T\  300  (1),  200  (2).  100  (3).  50 
(4)  and  10K  (5).  (b)  PL  spectra  of  Si— SiO  v  thin  films,  measured 
for  brown  (suboxide)  part  at  the  T:  300  (1).  200  (2),  100  (3).  50 
(4)  and  10  K  (5). 


the  high-energy  side  of  the  spectrum  (Fig.  3a).  The 
intensities  of  PL  bands  in  the  dioxide  side  were  highest 
than  in  the  suboxide  side.  The  FWHMs  of  the  PL  bands 
in  the  silicon  oxide  are  practically  the  same  as  in  PSi. 
The  peak  positions  of  both  PL  bands  exhibit  a  blue  shift 
of  lOOmeV  with  decreasing  temperature  from  300  to 
10K,  just  the  same  way  as  for  PSi  PL  bands.  The 
process  of  effective  thermal  quenching  with  T-increase 
for  PL  bands  in  silicon  oxide  starts  at  about  100-1 50  K, 
similarly  as  for  the  PL  bands  in  PSi  (Figs.  2  and  4). 

It  is  necessary  to  emphasize  the  difference  in  T- 
dependences  for  the  PL  band  at  1.6-1. 7  eV  for  Si 
suboxide  and  dioxide  (Fig.  4b).  As  one  follows  from 
Figs.  3  and  4,  the  intensity  of  this  PL  band  in  the 
suboxide  decreases  when  the  T  decreases  from  50  to 
10  K.  At  the  same  time  the  intensity  of  this  PL  band  in 
silicon  dioxide  monotonically  increases  when  the  T 
decreases  to  10  K. 


3.  Discussion 

The  investigation  of  the  PL  temperature  dependence 
provides  a  valuable  tool  to  study  the  recombination  and 
excitation  mechanisms  for  photo-excited  carriers  and  as 
a  result  to  study  the  semiconductor  band  edges, 
excitons,  impurities  and  defect  level  positions.  The 
increase  of  the  PL  intensity  with  T  decreasing,  usually, 
reflects  an  enhancement  of  exciton  recombination  or 
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Fig.  4.  Variation  of  PL  band  intensities  with  the  T  increase  for 
transparent  (a)  and  brown  (b)  Si-SiOv  thin  films  for  PL  bands 
peaked  at  1,73 eV  (la),  1.95  (2a),  1.90eV  (lb)  and  2.13eV  (2b). 

defect  related  recombination  in  the  T  ranges  lower  than 
the  temperature  of  a  thermal  quenching  process  start. 
The  drop  of  the  PL  intensity  at  low  T  has  been  usually 
attributed  to  the  decrease  of  phonon  participation  in  the 
recombination  process,  due  to  the  decrease  of  the 
available  number  of  phonons. 

Let  us  discuss,  first  of  all,  the  T  dependence  for  the  PL 
bands  in  silicon  oxide.  As  can  be  seen  from  Fig.  4a  the 
intensities  of  both  PL  bands  monotonically  increase  with 
T  decreasing.  Due  to  the  very  high  value  of  the  energy 
gap  in  silicon  dioxide  ( >  8  eV)  the  two  investigated  PL 
bands  peaked  at  1.6-1. 7  and  2. 1-2.2  eV  should  be 
connected  with  two  different  types  of  defects.  Their 
temperature  behaviour  is  the  evidence  of  the  enhance¬ 
ment  of  defect  related  PL  in  the  T  range  below  thermal 
quenching.  All  PL  spectra  measurements  have  been 
made  with  excitation  by  an  Ar  laser  (2.41  eV).  Such 
excitation  of  the  PL  band  in  silicon  dioxide  films  should 
be  connected  with  interdefect  optical  transitions.  Note 
that  the  peak  positions  of  PL  bands  shift  towards  the 
high-energy  with  the  change  of  the  composition  of 
silicon  oxide  from  suboxide  to  dioxide. 

The  T  dependence  of  the  high  energy  PL  band  peaked 
at  2. 1-2.2  eV  in  silicon  suboxide  is  the  same  as  in  silicon 
dioxide  (Fig.  4a  and  b).  The  T  dependence  for  the  PL 
band  centred  at  1.6-1 .7  eV,  however,  is  different  in  the 
low  T-ranges  for  the  suboxide  film  (Fig.  4).  The  decrease 
of  the  intensity  with  T  decreasing  in  the  10-50K  range 
for  this  PL  band  indicates  a  phonon-assisted  mechanism 
of  excitation.  In  the  case  of  silicon  suboxide,  it  could  be 
assumed  that  the  excitation  light  of  Ar  laser  with  an 
energy  of  2.41  eV  excites  the  electrons  from  the  valence 


into  the  conduction  band  due  to  phonon  assisted  optical 
transition  in  indirect  band  gap  suboxide  material.  In  the 
second  stage,  the  photo  carriers  are  trapped  by  defect- 
related  radiative  centre,  responsible  for  the  1.6-1.7eV 
PL  band.  Thus,  we  can  conclude  that  two  types  of 
excitation  mechanisms  are  possible  for  the  1 .6-1 .7  eV  PL 
band  in  silicon  oxide:  interdefect  electronic  transition  in 
dioxide  and  trapping  of  the  free  carriers  by  the  radiative 
centres  in  suboxide. 

The  radiative  defects  in  silicon  oxide  films  have  been 
investigated  very  intensively  [17-21].  Based  on  the  joint 
investigation  of  PL,  absorption,  as  well  as  electron 
paramagnetic  resonance  spectra,  the  PL  band  peaked  at 
1.9  eV  is  attributed  to  non-bridge  oxygen  hole  centre 
(NBOHC)  [17-19].  It  was  also  shown,  that  this  band 
could  shift  in  the  1 .7-2.0  eV  spectral  range  depending  on 
the  additional  OH  group  content  in  the  silicon  oxide. 
The  latter  connects  with  two,  and  possibly  three 
different  configuration  forms  for  NBOHC  centres  [19]. 
It  was  discovered  that  2.41  eV  Ar  laser  directly  excites 
NBOHC  defects  due  to  intercentre  optical  transition 
[19].  Another  type  of  defect  known  in  silicon  oxide  is  the 
defect  responsible  for  the  2. 4-2. 7  eV  PL  band  [20].  The 
latter  defect  is  attributed  to  oxygen  vacancy  in  silicon 
oxide  crystal  lattice. 

In  PL  spectra  of  the  investigated  PSi  we  observed  two 
PL  bands  with  Gaussian’s  shape  centred  at  1.70-1. 90  eV 
and  1.90-2.15  eV.  Our  previous  conclusion  [8,20,21]  that 
these  elementary  PL  bands  in  PSi  are  connected  with  the 
defects  in  silicon  oxide  at  the  Si/SiOY  interface  is 
confirmed  independently  by  PL  investigation  of  the  Si- 
SiOA-  films.  The  spectral  positions  of  the  PL  bands  in  Si- 
SiOv  films  are  similar  to  that  in  PSi,  and  this  is  a 
convincing  evidence  towards  the  proposed  model 
(Figs.  1  and  4).  Some  small  difference  in  the  peak 
position  of  PSi  PL  bands  can  be  associated  with  PSi 
surface  chemistry.  Moreover,  both  PL  bands  in  PSi  and 
in  sputtered  Si-SiOv  films  start  their  effective  thermal 
quenching  process  at  the  same  temperature  interval 
(100-150  K). 

For  PL  bands  peaked  at  1. 7-1.9  eV  and  1.9-2. 1 5  eV  in 
PSi  there  may  exist  two  mechanism  of  PL  excitation,  like 
in  Si-SiO  v  films  (Fig.  2a  and  b).  For  low  porosity  PSi  the 
PL  intensity  monotonically  increases  with  T-decreasing 
in  the  10-50K  range,  like  in  silicon  dioxide.  The 
decrease  of  the  PL  intensity  with  T-increasing  can 
correspond  to  a  typical  excitonic  behaviour,  proposed  in 
quantum  confined  PL  model.  But  the  excitonic  model 
cannot  explain  the  drop  of  the  PL  intensity,  when  the  T 
approaches  10  K.  Really,  for  high  porosity  silicon  (70- 
80%),  prepared  at  high  current  density  with  big  Si/SiOv 
interface  area,  the  PL  intensity  of  both  bands  decreases 
with  T-decreasing  in  the  10-50K  range,  like  in  silicon 
suboxide  (Fig.  2b).  In  this  case  such  behaviour  could  be 
attributed  to  the  absorption  of  excitation  light  in  Si 
wires  followed  by  radiative  recombination  of  the  carriers 
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via  defects  at  the  Si/SiOv  interface  [3,21-23].  The 
excitation  transition  in  indirect  band  gap  materia!  (Si) 
should  be  phonon  assisted. 

Finally,  we  can  conclude  that  the  same  types  of  defect 
related  radiative  centres  are  responsible  for  PL  in  the  Si- 
Si0.v  films  and  in  PSi.  These  radiative  defects  are  located 
at  the  Si/SiO v  interface  or  in  SiOv  layer  on  Si  wire 
surface.  Two  types  of  PL  excitation  mechanisms  are 
possible  in  investigated  structures:  interdefect  and 
fundamental  band-to-band  optical  transitions.  The  first 
mechanism  dominates  in  silicon  dioxide  layers,  while  the 
second  one  dominates  in  silicon  suboxide  and  in  the  Si 
crystallites  of  PSi. 
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Abstract 

The  influence  of  built-in  electrostatic  potential  of  interface  dipole  on  barrier  energies  for  the  emission  and  capture  of 
electrons  by  InGaAs/GaAs  quantum  dots  (QDs)  has  been  found.  It  was  shown  that  the  formation  of  the  interface 
dipole  from  carriers  localized  in  QDs  and  ionized  deep  level  defects  depended  on  isochronous  annealing  under  bias-on- 
bias-off  cooling  conditions.  The  dependence  of  the  height  of  the  capture  barrier  on  the  filling  pulse  duration,  related  to  a 
manifestation  of  the  Coulomb  blockade  effects  on  the  capture  of  electrons  into  the  ground  and  excited  states  of  the  dots, 
has  also  been  revealed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  GaAs;  Quantum  dot;  Defects;  Heterostructures;  Interaction 


1.  Introduction 

The  quantum  dots  (QDs)  fabricated  by  self-organiza¬ 
tion  during  strained  layer  heteroepitaxy  have  found  a 
wide  application  as  injection  laser  [1]  and  they  also 
promise  new  applications  like  the  memory  devices  [2]. 
However,  essential  improvement  of  the  performances  of 
the  QD  lasers  as  well  as  design  and  understanding  of  an 
operation  of  memory  devices  are  not  well  realized.  These 
may  be  due  to,  among  other  factors,  the  availability  of 
barrier  energies  for  the  emission  and  capture  of  carriers 
by  QDs.  A  measurement  technique  of  the  temperature- 
dependent  transient  capacitance  signal  of  a  p-n  diode 
due  to  filling  and  emptying  of  the  deep  level  trap  has 
been  used  with  considerable  success  for  the  determina¬ 
tion  of  barrier  energies  for  the  emission  and  capture  of 
carriers  by  deep  level  defects  and  QD  [3-4].  Recently, 
deep  level  transient  spectroscopy  (DLTS)  was  used  to 
determine  the  capture  barriers  for  carriers  in  InAs  self- 
assembled  QDs  embedded  in  GaAs  [4],  These  authors 
showed  the  existence  of  these  capture  barriers,  which  in 
their  opinion  may  be  due  to  the  built-in  strain  in  self- 
organized  system  giving  rise  to  the  appearance  of  the 
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apexes  in  the  interface  InAs/GaAs.  In  our  previous 
works  [3],  we  reported  on  the  formation  of  dipoles  due 
to  Coulomb  interaction  between  carriers  localized  in 
In(GaAs)/GaAs  QDs  and  ionized  deep  level  defects 
arranged  in  the  nearest  neighborhoods  with  QDs.  It  is 
shown  that  built-in  electrostatic  potential  due  to  these 
dipoles  reduced  barrier  energies  for  the  electron  emis¬ 
sion  from  the  QDs  [3].  The  dipole  formation  depended 
on  the  temperature  of  isochronous  annealing  and  bias- 
on-bias-off  cooling  conditions  (f/ra<0,  Ur&  =  0).  It  is  of 
interest  to  also  study  the  capture  barrier  energy 
dependence  on  annealing  conditions  by  DLTS  method. 


2.  Results  and  discussion 

The  structures  under  investigation  were  grown  by 
metal  organic  chemical  vapor  deposition  (MOCVD). 
The  growth  temperature  was  480°C.  After  deposition  on 
n  +  -GaAs  substrate  of  0.5-pm-thick  GaAs  buffer  un¬ 
doped  layer  (n  =  3  x  1015cm-3),  QD  layer  of  InGaAs 
was  deposited.  Then  growth  was  interrupted  and  a  thin 
50-A-thick  layer  of  GaAs  was  deposited  over  the  QD 
layer,  the  temperature  was  raised  to  600°C  and  in 
situ  annealing  was  performed  for  10  min.  Thereafter, 
0.5-pm-thick  n-GaAs  undoped  layer  and  the  top  layer 
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0.3-fim-thick  p-GaAs  were  grown.  DLTS  investigations 
were  carried  out  using  a  BIO-RAD  DL4600  spectro¬ 
meter.  Prior  to  each  DLTS  measurement  the  sample  was 
subjected  to  isochronous  annealing  for  1  min  at  450  K 
under  one  of  two  conditions:  (i)  reverse  bias  Ura  <0, 
(ii)  zero  bias  Ura  =  0.  After  this  a  sample  was  cooled 
down  to  80  K.  The  thermal  activation  energy  £a 
associated  with  the  carrier  emission  from  traps  and 
their  capture  cross  section  <rn  were  determined  with 
standard  DLTS  measurement  by  changing  the  rate 
window  from  Arrhenius  plots.  The  DLTS  spectra 
measured  at  various  conditions  of  isochronous  anneal¬ 
ing  (C/ra=0  and  t/ra<0)  were  characterized  by  the 
presence  of  three  peaks  (Fig.  1).  Nothing  unusual  was 
observed  in  the  behavior  of  the  ED3  peak 
(£a  =  667 meV,  <rp  —  7.4  x  10“l4cm2)  that  obviously 
belongs  to  the  well-known  defect  GaAs:  E4 
(VAs~Asg;i)  [5].  It  was  arranged  in  the  nearest 
neighborhoods  with  QDs.  The  position  of  the  EDI 
(EDI#)  and  ED2  (ED2#)  peaks  in  the  DLTS  spectra 
depended  on  conditions  of  isochronous  annealing.  The 
ED2  (ED2#)  peaks  are  related,  respectively,  to  the 
ground  electron  states  of  the  QDs  [4].  The  parameters  of 
the  states  corresponding  to  EDI  and  ED2  peaks 
determined  after  previous  annealing  under  t/ra  <0  were: 


ED3 


100  200  300  400  500 
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Fig.  1.  DLTS  spectra  of  the  p-n  heterostructure  with  InGaAs/ 
GaAs  QDs  measurement  under  reverse  bias  UT  =  0.5V  and 
filling  pulse  bias  Uv  =  0  after  previous  isochronous  annealing  at 
7~,  =  450  K  and  cooling  down  to  80  K  under:  (1)  Un  ~  0  and 
(2)  Crra<0. 


£:l  =  1 22  me V ,  <rn  =^2.3  x  10“ 15  cm2  and  £a  =  347  meV, 
<t„  =  4.5  x  10  16cnr.  The  annealing  under  Ur a=0 
resulted  in  the  shift  of  position  of  the  EDI  and  ED2 
peaks  toward  higher  temperatures,  which  we  denoted  as 
EDI#  and  ED2#.  The  parameters  of  the  states 
corresponding  to  these  peaks  were:  £.,  =  156meV, 
<tp  =  1.8  x  10  13  cm2  and  £a  =  369meV  and  <rp  = 
7.2  x  10  16  cm2.  We  observed  large  DLTS  peak  height 
variations  of  EDI  (EDI#)  and  ED2  (ED2#)  with  change 
of  rate  windows  that  indicates  a  large  temperature 
dependence  of  the  electron  capture  cross  section  and  this 
is  related  with  a  filling  factor.  The  procedure  of  defining 
the  capture  parameters  {a  and  Er,  are  thermal  capture 
and  activation  energy  of  the  cross  section)  involves 
measurements  of  the  variation  in  the  heights  of  the 
DLTS  signal  peak  (S(/p))  versus  the  time  duration  of  the 
filling  pulse  (/p).  [4]:  S(tp)  =  Ssat[I  -  exp(-(<rrlhM)/P)], 
where  5sa,  is  the  DLTS  peak  height  when  the  QDs  are 
filled  with  carrier,  rtj,  is  the  mean  thermal  velocity  of 
carrier,  n  is  the  free  electron  carrier.  The  experimental 
curves  of  this  dependence  for  ED2  and  ED2# 
peaks  (Fig.  2a  and  b)  showed  the  presence  of  two 
exponential  portions:  fast  (/P  =  (l-5)pc)  and  slow 
(/p  =  (5- 100) pc).  A  dependence  temperature  of  the  o 
was  defined  with  variation  of  the  rate  window  for  a  fixed 
pulse  duration.  The  activation  energy  was  determined  by 
the  following  expression:  o  =  a,  exp(£r7/#B£),  where 
o  /  is  a  constant  independent  of  temperature,  and  is 
the  Boltzmann  constant.  From  Arrhenius  plot  (Fig.  3), 
we  deduced  En  and  a , .  For  fast  portions  of  the  curves 
of  S(/p)/Ssat)cc/p,  measured  after  previous  annealing  of 
the  sample  under  £ra<0,  they  were  equal  to 
Eai'  —  27  meV,  o ,  r  =  1.7  x  10  'lf’cnr,  whereas  the  slow 
portions  were  Er, \  =  77meV,  ery ,  =  4.4  x  lCT,r,cm2.  The 
values  determined  for  t/ra  =  0  were,  respectively: 
E* r  =  48meV,  a  rf  =  6.7  x  10“ 16  cm2  and  £*,  = 
104meV,  a,  \  —  2.5x  lO-1^ cm2.  The  difference  in  two 
capture  energies  determined  at  annealing  under  £ra  =  0 
and  £ra<0  were,  respectively,  A£^f  =  £*r- 
£flff =  21  meV  for  the  fast  portion  and 

A£^|  =  £*,  -  E„\  =  27  meV  for  the  slow  portion.  The 
difference  in  the  two  emission  energies  determined 
at  annealing  under  t/r:i  =  0  and  £ra<0  was 
A£,  =  ED2#  -  ED2  —  22meV.  A  close  inspection  of 
these  data  shows  that  the  change  of  the  annealing 
condition  from  £ra<0  to  UTil  =  0  caused  an  increase  in 
the  thermal  emission  energy  and  capture  barrier  alike  on 
some  equal  values  (2 1-27  me V)  with  all  /p  while  the 
differences  in  capture  barrier  with  fast  and  slow  electron 
captures  under  annealing  t/ra< 0  to  Uta  =  0  were  close 
and  equal:  A£ff]r  =  Er\  -  £fff  =  56 meV  and  A£*r  = 
~  =  meV.  These  results  show  that  the  me¬ 

chanism  responsible  for  the  observed  decrease  of  the 
barrier  energies  for  the  capture  of  electrons  by  QDs 
under  changes  of  the  annealing  condition  from  Ura< 0 
to  Ura  =  0  is  common  to  both  portions.  Under 
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Fig.  2.  Normalized  DLTS  signal  amplitudes  as  a  function 
of  the  filling  pulse  duration  under  isochronous  annealing  at 
(a)  f/ra  =  0  and  at  various  temperatures  (K):  (1)  252.7,  (2)  241.6, 
(3)  238.7,  and  (4)  222.7;  (b)  Urd  <0  and  at  various  temperatures 
(K):  (1)  256.6,  (2)  245.7,  (3)  242.0,  and  (4)  227.0. 


annealing  at  Ura<  0,  the  formation  of  dipoles  from 
carriers  localized  in  QDs  and  ionized  deep  level  defects  is 
taking  place.  The  built-in  electrostatic  potential  due  to 
these  dipoles  reduced  barrier  energies  for  the  emission 
and  capture  of  electrons  by  the  QDs.  Its  value  remains 
equal  to  £'(Jf«27meV  at  ?p<5pc.  The  presence  of  the 
capture  barrier  in  this  case  may  be  related  to  Coulomb 
blockade  effect,  which  arises  if  a  second  electron  is 


Fig.  3.  Variation  of  the  capture  cross  section  versus  the  inverse 
of  the  temperature  determined  at  UTa  =  0  (1,3)  and  t/ra<  0 
(2,4):  (1,2)  for  filling  pulse  duration  tp  =  (1-5)  pc  and  (3,4)  for 
filling  pulse  duration  tp  >  5  pc. 


added  into  the  ground  states  of  the  dots.  We  evaluated 
the  Coulomb  charging  energy  Ec  —  e2 /2C  (C  is  the  self¬ 
capacitance  of  the  QD)  which  for  InGaAs  QDs  diameter 
of  #^13nm  embedded  in  GaAs  is  £'c»27meV.  At 
tp  >  5  pc,  we  observed  that  height  barrier  energy  which 
does  not  depend  on  annealing  condition  increase  twice. 
This  may  be  linked  to  the  placement  of  a  third  electron 
into  the  first  excited  state  of  the  dots  which,  for 
surmounting  Coulomb  blockade  of  two  electrons,  has 
to  have  charging  energy  Ec&54moV.  Under  annealing 
at  Ura  =  0,  the  formation  of  dipoles  is  not  taking  place. 
The  magnitude  of  the  band  offset  is  defined  by  the 
formation  conditions  of  the  heterointerface  during 
structure  growth. 

The  behavior  of  the  EDI  (EDI#)  peaks  dependence 
on  the  annealing  condition  was  similar  (Fig.  1)  and  is 
also  related  to  the  formatting  of  the  electrostatic  dipoles. 
Moreover,  for  EDI  (EDI#)  peaks  curves  of  (1  -  S  x 
(tp)/Ssat)(x:tp  showed  the  presence  of  only  one  exponen¬ 
tial  portion  in  the  range  of  tp  =  (1  -5)  pc.  The  activation 
energy  Ea  for  them  is  less  than  for  ED2  (ED2#)  peaks. 
These  results  indicate  that  EDI  (EDI#)  peaks  cannot  be 
related  to  excited  states  of  the  dots,  they  are  most  likely 
to  result  in  the  emission  from  the  quantum  states  of  the 
wetting  layer. 

Thus,  we  have  investigated  the  processes  of  the 
electron  emission  and  capture  by  the  quantum  dots 
in  p-n  InGaAs/GaAs  hetero  structures  after  an 
isochronous  annealing  under  bias-on-bias-off  cooling 
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conditions  and  the  duration  of  the  filling  pulse  by  the 
DLTS.  These  investigations  have  shown  that  under 
annealing  at  Ura<  0  the  formation  of  dipoles  from 
carriers  localized  in  quantum  dots  and  ionized  deep  level 
defects  occurs.  The  built-in  electrostatic  potential  due  to 
these  dipoles  reduced  barrier  energies  for  the  emission 
and  capture  of  electrons  by  the  quantum  dots  while 
under  annealing  at  Un  =  0,  there  is  no  formation  of 
dipoles.  The  amount  of  the  band  offset  is  defined  by  the 
formation  conditions  of  the  heterointerface  during  the 
crystal  growth.  Dependence  of  the  height  of  the  capture 
barrier  on  the  duration  of  the  filling  pulse  has  also  been 
found,  which  is  explained  in  terms  of  manifestation  of 
the  Coulomb  blockade  effects  in  the  sense  of  the  capture 
of  electrons  into  the  ground  and  excited  states  of  the  dot. 
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Abstract 

This  work  deals  with  the  electronic  transport  in  a  system  of  an  arbitrary  number  of  quantum  dots  connected  in  series 
by  tunnel  coupling.  We  calculate  the  “lesser”  and  retarded  Green’s  functions  based  on  the  nonequilibrium  Green’s 
function  formalism  developed  by  Jauho  et  ah  [Phys.  Rev.  B  50  (1994)  5528]  for  a  one-dimensional  N  dot  array,  where  N 
is  an  arbitrary  positive  integer,  and  we  derive  an  analytical  formula  for  the  current  under  DC  bias  voltage.  The  retarded 
self-energy  defined  for  any  individual  dot  in  the  array  is  found  to  be  made  up  of  left  and  right  components  and  to  be  of 
the  staircase  type,  terminating  at  the  two  electron  reservoirs.  For  simplicity  of  numerical  computation,  we  take  the  3-dot 
case  for  demonstration.  The  density  of  states  of  the  3-dot  system  is  studied  by  plotting  the  differential  conductance 
against  the  Fermi  level  of  the  left  lead.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Quantum  transport;  Quantum  dot  array;  Nonequilibrium  Green’s  function;  Equation  of  motion  method 


In  the  last  decade,  a  great  deal  of  work  has  been  done 
on  the  transport  [1-5]  and  capacitance  spectroscopy  [6] 
of  a  single  quantum  dot  system  to  probe  its  discrete 
spectrum.  It  was  a  significant  discovery  that  the  on-site 
Coulomb  interaction  leads  to  important  Coulomb- 
blockade  conductance  oscillations  [7-12]  and  a  Kondo 
peak  in  the  conductance  [13,14]. 

However,  research  interest  has  extended  in  recent  few 
years  to  systems  of  multiple  quantum  dots  [15-18].  For 
example,  electron  pumping  was  studied  in  a  double  dot 
with  interdot  capacitance  [16];  the  Kondo  effect  in  a 
double  dot  with  on-site  Coulomb  interactions  was 
studied  based  on  the  slave-boson  mean-field  theory 
[17,18];  and  the  DC  current  of  a  double  dot  without  on¬ 
site  Coulomb  interactions  was  derived  by  Kawamura 
and  Aono  [19].  In  this  paper,  we  study  a  system  of 
multiple  quantum  dots  connected  in  series  by  tunnel 
coupling.  Our  formalism  is  based  on  the  nonequilibrium 
Green’s  function  proposed  by  Jauho  et  al.  [20].  The  on¬ 
site  Coulomb  interaction  can  be  ignored  when  the  dot 
size  is  relatively  large.  We  calculate  the  “lesser”  and 
retarded  Green’s  functions  for  the  N  dots  connected  in 
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series,  where  N  can  be  any  positive  integer,  and  then 
derive  an  analytical  formula  for  the  current  under  a  DC 
bias  voltage.  For  simplicity  of  numerical  computation, 
we  take  the  3-dot  case  for  demonstration.  We  study  the 
density  of  states  of  the  3-dot  system  by  plotting  the 
differential  conductance  against  the  Fermi  level  of  the 
left  lead. 

Consider  a  system  of  N  quantum  dots  connected  in 
series  by  tunnel  coupling.  The  Hamiltonian  H  is  given 
by 

H  —  ^  SkyClyCky.  +  ^  di  +  V]^{c'khd\  +  h.c.) 
k,a  f=l 

N- 1 

+  *r(4r^  +  h-c-)  +  Vij+\(d} dj+\  +  h.c.),  (1) 

j=l 

where  (ckf)  are  electron  creation  (annihilation) 
operators  in  reservoir  a  =  L  (left),  R  (right),  d]  (df)  are 
electron  creation  (annihilation)  operators  in  the  zth 
quantum  dot,  Kl(Fr)  is  the  tunneling  coupling  bet¬ 
ween  the  1st  (iVth)  dot  and  the  left-  (right-)  reservoir, 
and  Vu+ 1(=  Vi+i  j)  is  the  tunneling  coupling  between  the 
ith  and  (/  +  l)th  dot.  The  electron  spin  index  is 
suppressed. 
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By  making  use  of  the  formalism  of  nonequilibrium 
Green’s  function  [20].  the  left-current  JL  flowing  from 

G.v]  =<fxxKGZ.t+g$x2iG”xt  +t,rssZ?G‘y 

the  left  lead  into  the  dot  array  is  given  by 

■f  K\ - 1 . a- (y[\\  +  2yxx)Gx_u 

-  K\~\.\9\\Gtx_u 

(10) 

where  the  factor  2  takes  into  account  the  electron  spin 
±k  and  rL(e//i)  =  2nVipL{v.)  is  the  coupling  of  the  1st 
dot  to  the  left-reservoir  (pL  (e)  is  the  density  of  states  of 
electrons  in  the  left  reservoir).  We  have  a  similar 
definition  for  rR(c/h)  for  the  right  reservoir.  The 
“lesser'1  and  retarded  Green’s  functions  are  defined  by 

G<(t)  =  i<^(0K(0>,  (3) 

Gri,(t)  =  -m<  M(/U/(0)}  >  (/,/  =1,2,  ...,N).  (4) 

By  the  method  of  equations  of  motion  [21]  and 
Keldysh’s  contour  integration  [22].  we  obtain  the 
following  equations  for  the  Green’s  functions: 

G\  ]  =  y\  ]  +  y\ ] G\  1  4*  ()\  |  V\ 2 G2 i  +  V] 2G':1 ,  (5) 

Gn  =  +  yf-i./g£G;_u  +  K^ifl'/G-.. ,  , 

+  Gi~\ .\  G  =  2,3, ..., N  -  1),  (6) 


where  (/  =  2, 3, N  —  1)  and  the  free-particle  Green’s 
functions  are  defined  by: 


=  cnmdjd'))). 

(id 

ft>.O  =  i<<(/'W(0>. 

(12) 

<//(/')}>, 

(/,/=  1,2,...,  AT). 

(13) 

Also, 

Z'i"<(t,t')=  V[  ^ 

k 

(14) 

(15) 

k 


are  self-energies  associated  with  the  tunneling  between 
the  left-reservoir  and  the  1st  dot.  and  that  between  the 
right  reservoir  and  the  Nth  dot.  respectively.  The 
Green’s  function  |'-<(/, 0  and  ^-<(/, /')  correspond 
to  free  electrons  in  the  left  and  right  reservoir, 
respectively. 

Solving  the  Eqs.  (5)-(7)  for  Gru(co),  we  obtain 


G'u(co) 


co  -  f"  -  Z'Mo)  - 


O)  -  £? 


(0  -  C\ 


(16) 


VI-2.X 


CO  -  F. 


n. 


I  ..v 


|V-  I 


0) 


4  -  r.uo) 


^!vi  —  y'w^G'w  +  Kv-k.vO/a-.v  +  y\\)G>\  . i.i  (7) 
and 

Gu  =9uZ\G<  +g?]Z‘lG‘;] 

+  V\2(cfu  +  2cj<)G'  -  Vi2g<G°2i9  (8) 

Go  =  Vi-u(y,;i  +  2g<)G^u  -  V^ug<Glu 

+  Vu-Ms  +  2 y£)G*u  -  Gl  K1,  (9) 


The  result  presented  by  the  above  equation  has  an 
obvious  physical  interpretation.  The  retarded  self-energy 
of  the  first  quantum  dot  in  the  one-dimensional  dot 
array  is  composed  of  two  parts:  the  “left  retarded  self¬ 
energy”  £„(«)  which  is  simply  Z\{co)  defined  in 
Eq.  (14)  and  can  be  re-written  as  In(( o)  = 
XLt  VWk\)-\  and  the  “right  retarded  self-energy” 
whichds  of  form  =  \/[Uf22Tx  -  ?22],  where  (OrV' 
and  £22  are  ^ie  unperturbed  Green’s  function  and  the 
“right  retarded  self-energy”  of  dot  2.  respectively.  As  the 
second  dot  is  connected  to  the  third  dot  to  its  right,  the 
‘Tight  retarded  self-energy”  of  dot  2  is  modified  by 
r22  =  l/[(j7r,)“l  -  Z ]  (here  Z is  the  right  retarded 
self-energy  of  dot  3)  instead  of  l/K^)-1], ...,  ending  up 
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with  the  right  electron  reservoir  at  ^(co)  — 
^/(^r)-'.  This  structure  of  the  retarded  Green’s 
function  is  applicable  to  all  quantum  dots  in  the  dot 
array. 

Similarly,  solving  the  Eqs.  (8)— (10)  for  G^m),  we 
obtain 

Gi<1(w)=Z,<MIG'11(cu)|2 

x  |GS(co)|2--|C^(®)I^2<(®),  (17) 

where  the  Green’s  functions  G^(co)  are  defined  by 


(i  =  2,3,  ...,N  —  1), 


G&<®) 


CO  —  £jy  ^2(^0) 


Finally,  we  arrive  at  the  following  current  formula  by 
substituting  Eqs.  (16)  and  (17)  into  (2) 


Jl=jJ  ds0L<«)  — /We))7X«) 


where  /a(e)  is  the  Fermi  function  in  lead  a,  and  T(e) 
which  has  the  physical  interpretation  of  transmission 
probability,  reads 

T(e)  =  rL  fr  (-)  •  V\2  V\y-  V2n_ , j/v j G^  Q  | 


»i.© 


We  remark  that  when  N  =  l,  our  formula  of  /l  in 
Eq.  (20)  is  identical  to  that  by  Jauho  et  al.  for  a  single 
quantum  dot  with  proportionate  coupling  to  leads  under 
a  time-independent  bias  [12].  When  N  —  2  (i.e.,  a  double 
dot),  we  reproduce  the  results  derived  by  Kawamura 
and  Aono  [11]  for  a  double  dot  under  DC  voltage. 

Formula  (20)  is  of  the  Landauer-Biittiker  type,  as 
expected.  But  the  transmission  probability  F(e)  is 
tedious  to  calculate  for  a  large  number  of  dots  (i.e., 
large  N).  In  principle  when  i  >  2  the  Green’s  functions 
G^(co)  are  obtained  by  recursion  using  Eqs.  (18)  and 
(19).  We  will  consider  the  wide-band  limit  in  which 
9(co)  =  —  (z/2)FL,R  where  the  couplings  FL  and  FR  are 
constants.  Since  F(fi)  reflects  the  density  of  states  for  the 
system  of  N  dots,  we  can  use  the  plot  of  differential 
conductance  to  probe  the  density  of  states.  To  demon¬ 
strate  the  analytical  results  obtained  here  we  take  the 
case  of  3  dots  for  numerical  computation  of  the 
differential  conductance.  We  assume  that  the  left  and 
right  couplings  are  identical  (FL  =  rR  =  T).  All  the 
energies  are  expressed  in  units  of  F.  We  set  8j  =  £§  = 
=  £o  =  -10,  1/kT  =  100,  and  V12  =  V23  =  V  = 
0.1, 2.0, 5.0.  The  right  Fermi  level  is  set  to  zero. 


-20  -10  0  10  20 


Ml 

Fig.  1.  The  plot  of  differential  conductance  against  the  left 
Fermi  level  gL,  with  1  fkT  =  100,  V  =  0.1  and  eo  —  —10.  All 
energies  are  expressed  in  units  of  F. 


Fig.  2.  The  plot  of  differential  conductance  against  the  left 
Fermi  level  gL,  with  1  fkT  =  100,  V  =  2  and  £0  =  —10.  All 
energies  are  expressed  in  units  of  F. 


In  Figs.  1-3,  we  plot  the  differential  conductance 
against  the  left  Fermi  level  jUL.  When  V  =  0.1  (Fig.  1), 
there  is  only  one  peak  at  /tL  =  — 10  in  the  density  of 
states.  We  expect  this  because  small  Vc  means  most 
electrons  supplied  by  the  left  reservoir  to  dot  1  turn  back 
before  they  go  forward  to  the  other  2  dots.  Thus  the 
electrons  see  only  a  single  quantum  dot  in  this  case.  The 
energy  level  that  they  belong  to  is  simply  ^  =  -10. 
Clearly,  the  single  peak  in  the  density  of  states  is  due  to 
the  coupling  of  the  dot  system  to  the  electron  reservoirs. 
We  consider  V  —  2  in  Fig.  2.  There  is  also  one  single 
peak  in  the  density  of  states.  We  conclude  that  Vc  should 
be  set  at  larger  values  in  order  to  display  multiple  peaks 
in  the  density  of  states. 

In  Fig.  3,  we  set  V  =  5  and  there  are  3  peaks  in  the 
plot  of  the  differential  conductance.  For  large  V  the 
electrons  oscillate  frequently  among  the  3  dots  before 
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Fig.  3.  The  plot  of  differential  conductance  against  the  left 
Fermi  level  /iL,  with  \/kT  =  100.  V  =  5  and  =  -10.  All 
energies  are  expressed  in  units  of  f. 


they  tunnel  into  the  reservoirs.  The  energy  levels  of  the 
electrons  should  be  identical  to  those  of  an  isolated  three 
dot.  That  is,  there  should  be  3  peaks  in  the  density  of 
states.  The  couplings  rL  and  PR  broaden  the  3  peaks. 

We  then  conclude  that  these  are  three  energy  levels  in 
a  three  dot  system  for  sufficiently  large  tunneling 
coupling  V.  In  principle,  our  current  formula  (20)  can 
handle  any  number  of  dots.  We  expect  that  there  are  N 
peaks  in  the  density  of  states  for  a  N  dot  system. 

In  summary,  by  making  use  of  the  equation  of  motion 
method  and  Keldysh  Green’s  function  technique,  we 
have  developed  a  calculation  method  for  the  one¬ 
dimensional  quantum  dot  array  with  arbitrary  dots. 
The  retarded  Green's  function  of  every  dot  in  the  array 
is  found  to  have  a  staircase  structure,  ending  at  two 


electron  reservoirs.  A  general  formula  for  calculating  the 
conductance  of  the  dot  array  is  derived,  and  the  case  of  a 
3  dots  is  numerically  studied. 
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Abstract 

Photoluminescence  (PL)  properties  of  Si02  films  containing  Si  nanocrystals  (nc-Si)  and  Tm3+  were  studied.  The 
average  size  of  nc-Si  was  changed  over  wide  range  in  order  to  tune  the  exciton  energy  of  nc-Si  to  the  energy  separations 
between  the  discrete  electronic  states  of  Tm3+.  At  room  temperature,  the  samples  exhibited  broad  PL  peaks  located  at 
an  energy  region  between  1.35  and  1.6  eV  corresponding  to  the  recombination  of  the  excitons  in  nc-Si,  and  sharp  peaks 
at  1.57  and  0.69  eV  corresponding  to  the  intra-4f  shell  transition  of  Tm3+.  The  intensity  of  the  Tm3+  related  PL  showed 
a  strong  dependence  on  the  size  of  nc-Si.  This  result  implies  that  only  nc-Si  which  are  smaller  than  a  threshold  size  can 
efficiently  excite  Tm3+.  At  low  temperatures,  the  spectral  shape  of  nc-Si  PL  was  strongly  modified  by  doping  Tm.  From 
the  analysis  of  the  modified  spectral  shape,  the  spectroscopic  evidence  of  the  resonant  energy  transfer  from  nc-Si  to 
Tm3+  was  obtained.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

PACS:  76.30.Kg;  78.55. -m;  61.46.4-w 

Keywords:  Tm;  Si;  Nanocrystals;  Energy  transfer 


Tm-doped  glasses  have  been  investigated  as  materials 
for  near-infrared  light  sources  and  amplifiers.  The  laser 
action  has  been  realized  at  around  0.85  eV  (1.46  pm) 
and  0.69-0.62  eV  (1. 8-2.0  pm).  These  lasers  and  ampli¬ 
fiers  have  been  demonstrated  by  a  Tm-doped  fiber  [1,2]. 
However,  enough  gain  has  not  yet  been  achieved  for 
practical  use.  To  realize  the  lasers  and  amplifiers,  it  is 
necessary  to  excite  Tm3+  more  efficiently.  Recently,  Si 
nanocrystals  (nc-Si)  have  been  attracting  a  lot  of 
interest,  because  Si  nanocrystals  act  as  an  efficient 
sensitizer  for  several  rare-earth  ions  and  are  believed  to 
yield  efficient  excitation  of  Tm3+. 

In  our  previous  work,  we  demonstrated  that  the 
photoluminescence  (PL)  intensity  of  the  intra-4f  shell 
transition  of  Er3+  and  Yb3+  became  stronger  by  more 
than  2  orders  magnitude  by  doping  nc-Si  [3-5].  The 
excitation  of  Er3+  (Yb3+)  is  made  by  transferring  the 
recombination  energy  of  photo-generated  excitons  in 
nc-Si.  In  Er/nc-Si  systems,  the  excitation  mechanism  of 
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Er3+  has  been  studied  in  detail  [3, 4, 6, 7]  and  the  direct 
spectroscopic  evidence  of  the  energy  transfer  has  been 
obtained.  Furthermore,  energy  transfer  rates  are  experi¬ 
mentally  determined  as  a  function  of  nc-Si  size.  It  has 
been  demonstrated  that  the  smaller  the  size  of  nc-Si,  the 
larger  the  energy  transfer  rate  [8].  In  contrast  to  the 
Er/nc-Si  systems,  in  systems  containing  other  rare-earth 
ions,  detailed  mechanism  of  the  interaction  with  nc-Si 
has  not  been  well  understood,  although  the  enhance¬ 
ment  of  the  intra-4f  shell  PL  is  demonstrated. 

Tm3+  have  discrete  and  complex  electronic  states.  The 
first  (3H4),  second  (3H5),  third  (3F4)  excited  states  exist 
around  0.7,  1.0,  1.6  eV  from  the  ground  state  (3H6), 
respectively.  Furthermore,  the  band  gap  of  nc-Si 
continuously  changes  from  bulk  band  gap  to  higher 
energies  on  decreasing  the  size  of  nc-Si  [9].  This  change 
in  the  band  gap  is  due  to  the  zero-dimensional  quantum 
size  effects.  Therefore,  the  interactions  between  the 
intra-4f  shell  electrons  in  Tm3+  and  nc-Si  should  depend 
on  the  size  of  nc-Si.  For  this  reason,  it  is  essential  to 
investigate  PL  in  a  wide  spectral  range  and  to  widely 
change  the  size  of  nc-Si.  However,  the  size  dependence  in 
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a  wide  spectral  range  has  not  yet  been  investigated. 
Although  strong  interactions  between  nc-Si  and  Tm3"' 
have  been  demonstrated,  the  spectroscopic  evidence  of 
the  energy  transfer  from  nc-Si  to  Tm3*  has  not  been 
obtained. 

In  this  work,  we  studied  PL  properties  of  Si02  thin 
films  containing  nc-Si  and  Tm3*  in  the  wide  spectral 
range  from  0.45  to  1.90  eV.  We  will  show  a  correlation 
between  the  intensities  of  the  nc-Si  related  peak  and 
Tm3"  related  peaks  as  a  function  of  the  size  of  nc-Si  and 
temperature.  The  mechanisms  of  the  interaction  between 
nc-Si  and  TnT"  are  discussed. 

Si02  films  containing  nc-Si  and  Tm  were  prepared  by 
a  method  similar  to  that  used  to  prepare  films  containing 
nc-Si  and  Er  [3,4].  Small  pieces  of  Si  chips  and  Tm  oxide 
pellets  were  placed  on  a  Si02  sputtering  target  and  they 
were  simultaneously  sputtered  in  Ar  gas  atmosphere. 
After  the  deposition,  in  order  to  grow  nc-Si,  samples 
were  annealed  in  N2  gas  for  30  min  at  temperatures 
higher  than  1100  C.  In  this  work,  the  average  size  of 
nc-Si  (cl si)  was  changed  from  2.7  to  3.5  nm  and  Tm 
concentration  was  fixed  at  1.41  at%.  PL  spectra  were 
measured  using  a  single  grating  monochromator.  In  the 
spectral  range  between  0.45  and  0.80  eV,  liquid  nitrogen 
cooled  InSb  photodiode  (Hamamatsu)  was  used  as  a 
detector,  and  in  the  spectral  range  between  0.80  and 
1.90  eV,  liquid  nitrogen  cooled  Ge  detector  (North 
Coast)  was  used.  The  excitation  source  was  514.5  nm 
line  of  an  Ar-ion  laser.  For  all  the  spectra,  the  spectral 
response  of  the  detection  system  was  corrected  by  the 
reference  spectrum  of  a  standard  tungsten  lamp. 

Fig.  1  shows  the  PL  spectra  at  room  temperature  for 
the  samples  containing  nc-Si  with  different  size.  Tm 
concentration  is  fixed  at  1.41  at%.  The  energy  position 
of  the  first  (3H4),  second  (3H^),  and  third  (3F4)  excited 
states  measured  from  the  ground  state  (3H6)  are  shown 
on  the  top  of  the  figure.  We  can  see  two  peaks.  The  high- 
energy  broad  peak  is  due  to  the  recombination  of 
excitons  confined  in  nc-Si  (nc-Si  PL)  [3,4,9].  The  low- 
energy  one  is  due  to  the  3H4  to  3H6  transition  of 
Tm3"  (Tm3"  PL)  [1,2].  The  spectra  are  normalized  at 
the  maximum  intensity  of  nc-Si  PL.  As  the  size  of  nc-Si 
decreases  from  3.5  to  2.7  nm,  the  peak  energy  of  nc-Si 
PL  is  shifted  toward  higher  energy.  For  the  sample  with 
the  average  nc-Si  size  of  2.7  and  3.1  nm,  a  weak  peak  can 
be  observed  at  1 .58  eV.  This  peak  corresponds  to  the  3F4 
to  3H<s  transition  of  Tm3". 

Fig.  2  shows  the  intensity  ratio  of  Tm3  *  (0.68  eV 
peak)  and  nc-Si  PL  peaks  as  a  function  of  the 

peak  energy  of  nc-Si  PL.  The  inset  shows  the  energy 
diagram  of  the  intra-4f  shell  of  Tm3".  The  energy 
position  of  the  third  pF4)  excited  state  measured  from 
the  ground  state  (3H6)  is  shown  in  the  figure.  /Tm//si 
depends  strongly  on  the  peak  energy  of  nc-Si  PL.  On 
increasing  the  peak  energy  of  nc-Si  PL,  the  intensity  of 
Tm3"  PL  peak  increases.  In  particular,  the  intensity 
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Fig.  1 .  PL  spectra  at  room  temperature  as  a  function  of  the  size 
of  nc-Si  in  diameter.  Tm  concentration  was  fixed  at  1.41  at%. 
The  energy  position  of  the  first  (3H4),  second  (3H5).  and  third 
(3F4)  excited  states  measured  from  the  ground  state  (3H(>)  are 
shown. 
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Fig.  2.  Intensity  ratio  of  the  Tm  related  and  nc-Si  related  peaks 
(hm/hi)  as  a  function  of  the  peak  energy  of  nc-Si  PL.  The  line 
is  drawn  to  guide  the  eye. 
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increase  drastically  as  the  nc-Si  PL  peak  approaches 
1 .6  eV.  It  should  be  noted  that  the  intensity  of  Tm3+  for 
the  sample  of  size  2.7  nm  is  more  than  10  times  stronger 
than  that  of  the  sample  of  size  3.1  nm  before  normal¬ 
ization  of  the  spectra  of  Fig.  1 . 

When  nc-Si  peak  energy  is  relatively  low,  i.e.,  the  size 
of  nc-Si  is  relatively  large,  the  intensity  of  Tm3+  peak  is 
very  weak.  In  this  case,  the  first  and  the  second  excited 
states  can  be  excited.  However,  the  energy  transfer 
efficiency  is  considered  to  be  low,  because  the  energy 
mismatches  between  the  recombination  energy  of  the 
excitons  and  the  first  (second)  excited  state  is  relatively 
large.  At  first  approximation,  the  energy  transfer 
efficiency  depends  on  the  energy  mismatches.  With 
increasing  nc-Si  peak  energy,  the  number  of  the  nc-Si 
with  the  recombination  energy  larger  than  the  energy 
separation  between  the  ground  state  and  the  third 
excited  state  increases.  Therefore,  not  only  the  first  and 
the  second  excited  states  but  also  the  third  excited  state 
can  be  excited.  The  steep  incline  in  Fig.  2  suggests  that 
the  excitons  in  nc-Si  with  the  recombination  energy  of 
around  1.6  eV  mainly  interact  with  the  intra-4f  shell  of 
Tm3+.  Since  the  energy  mismatch  of  the  recombination 
energy  of  exciton  and  the  third  excited  state  becomes 
smaller  with  increasing  nc-Si  PL  peak  energy,  the  energy 
transfer  efficiency  become  higher. 

Fig.  3  shows  PL  spectra  of  the  sample  with  2.7  nm 
diameter  at  various  temperatures.  The  intensity  of  the 
spectra  above  0.8  eV  are  expanded  by  a  factor  of  10.  On 
decreasing  the  temperature,  the  spectral  shape  changes 
gradually.  First,  below  150  K,  a  new  broad  peak  appears 
at  around  1.0  eV.  This  peak  is  considered  to  be  due  to 
the  recombination  of  excitons  trapped  at  P/,  centers  at 
the  interfaces  between  nc-Si  and  Si02  matrices  [10]. 
Secondly,  a  very  weak  peak  appears  at  around  0.84  eV 
as  indicated  by  arrows.  Thirdly,  the  1.58  eY  peak 
becomes  more  pronounced.  The  0.84  and  1.57  eV  peaks 
correspond  to  the  intra-4f  shell  transitions  of  Tm3+  (3F4 
to  3H4,  3F4  to  3H6).  Fourthly,  the  0.69  eV  peak  is 
slightly  shifted  toward  lower  energy  (0.69-0.67  eV)  and 
becomes  sharper.  Finally,  the  spectral  shape  of  nc-Si  PL 
is  strongly  modified.  At  room  temperature,  the  spectral 
shape  is  Gaussian-like.  At  around  100  K,  the  lower- 
energy  side  of  the  spectrum  is  strongly  suppressed.  At 
5  K,  both  sides  of  the  1.57  eV  peak  are  suppressed.  It 
should  be  noted  here  that  without  Tm-doping,  the 
spectra  shape  is  almost  independent  of  the  temperature. 

The  energy  range  of  the  modification  is  close  to  the 
energy  separation  between  third  excited  state  (3F4)  and 
the  ground  state  (3H6).  The  excitation  energy  of  nc-Si  is 
transferred  to  Tm3+  before  the  radiative  recombination 
of  excitons  occurs  in  nc-Si.  To  our  knowledge,  this  is  the 
first  direct  evidence  of  the  energy  transfer  from  nc-Si  to 
Tm3+.  If  the  energy  transfer  is  made  resonantly  (without 
emitting  phonons)  or  by  emitting  phonons,  the  suppres¬ 
sion  should  appear  only  at  the  high-energy  side  of  the 
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Fig.  3.  PL  spectra  of  the  sample  with  Tm  concentration  = 
1.41  at%  at  various  temperatures.  The  intensities  of  the  spectra 
above  0.8  eV  are  expanded  by  a  factor  of  10. 


1.57  eV  peak.  However,  the  spectra  are  strongly 
suppressed  not  only  at  the  high-energy  side  of  the 

1.57  eV  peak  of  Tm3+  but  also  at  the  lower-energy  side. 
This  result  can  be  explained  by  taking  the  indirect  band- 
gap  nature  into  consideration.  As  reported  previously, 
the  indirect-gap  nature  of  bulk  Si  crystal  is  preserved  in 
nc-Si  even  if  the  size  is  a  few  nanometers  in  diameter, 
i.e.,  radiative  recombination  of  excitons  in  nc-Si  requires 
the  emission  of  momentum  conserving  phonons  at  A 
minima  [1 1].  Since  the  TO  phonon  energy  at  A  minima  is 
about  57  meY,  nc-Si  whose  exciton  recombination 
energy  exactly  coincides  with  the  energy  of  the  third 
excited  state  of  Tm3+  (1.57  eV)  shows  PL  at  around 

1.57  eV-57  meV,  if  resonant  energy  transfer  does  not 
occur.  If  the  resonant  energy  transfer  occurs,  the 
recombination  energy  of  excitons  is  preferentially 
transferred  to  Tm3+,  resulting  in  the  decrease  of  the 
intensity  of  PL  at  the  lower-energy  side.  Therefore,  the 
appearance  of  the  spectral  suppression  at  the  low-energy 
side  of  the  1.57  eV  peak  is  the  spectroscopic  evidence  of 
the  resonant  energy  transfer  from  nc-Si  to  Tm3+. 

In  conclusion,  we  studied  PL  properties  of  SiC>2  films 
containing  nc-Si  and  Tm3+  as  a  function  of  the  size  of 
nc-Si.  The  1.57,  0.84  and  0.69  eV  peaks  which  corre- 
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spond  to  the  intra-4f  shell  transition  of  Tmv'  were 
observed.  The  intensity  of  Tnv1*  PL  at  0.69  eV  depended 
strongly  on  the  size  of  nc-Si.  As  the  PL  energy  of  nc-Si 
approached  the  energy  difference  between  the  third 
excited  state  and  the  ground  state  of  Tnrv"  ( 1 .58  eV),  the 
intensity  of  Tnru  PL  increased  drastically.  This  result 
indicates  that  nc-Si  interacts  mainly  with  the  third 
excited  state  of  Tmv~  ,  and  the  exciton  energy  of  nc-Si 
should  be  larger  than  this  energy  to  efficiently  excite 
TnT~.  We  also  showed  that  PL  spectra  were  strongly 
modified  at  low  temperature.  From  the  observed  PL  dip 
structures,  we  demonstrated  that  the  suppression  at  the 
lower-energy  side  of  the  1.57  eV  peak  is  spectroscopic 
evidence  of  the  resonant  excitation  of  the  third  excited 
state  of  Tnr  ~. 
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Abstract 

By  applying  a  new  quenching  method,  we  determined  the  formation  energy  of  vacancies  (V)  in  high-purity  silicon. 
Specimens  were  sealed  in  quartz  capsules  together  with  H2  gas  and  heated  at  high  temperatures  for  1  h  followed  by 
quenching  in  water.  By  this  method,  V  are  quenched  in  the  form  of  complexes  with  hydrogen  and  the  formation  energy 
of  V  can  be  determined  from  the  quenching  temperature  dependence  of  the  intensity  of  the  optical  absorption  peak  due 
to  the  complexes.  The  formation  energy  of  V  in  high-purity  silicon  was  determined  to  be  about  4.0  eV.  This  value  is  in 
good  agreement  with  results  of  recent  theoretical  calculations.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Vacancies;  Hydrogen;  Optical  absorption;  Silicon 


1.  Introduction 

It  is  increasingly  important  to  clarify  the  properties  of 
vacancies  (V)  existing  at  high  temperatures  in  silicon. 
Secondary  defects  [1]  such  as  voids  and  swirls  which  are 
formed  during  crystal  growth  by  agglomerations  of  V 
are  known  to  have  harmful  effects  on  device  perfor¬ 
mance.  To  understand  the  agglomeration  process  and  to 
prevent  it,  it  is  necessary  to  know  the  properties  of  V. 
From  a  basic-research  point  of  view,  determination  of 
the  V  formation  energy  has  been  a  critical  issue  since  the 
1960s.  Theoretical  estimation  has  been  performed  every 
time  a  new  calculation  technique  has  been  developed  [2]. 
Until  now,  two  kinds  of  in  situ  methods,  i.e.,  positron 
lifetime  measurement  and  measurements  of  length  and 
lattice  parameter,  have  been  applied  to  the  study  of 
point  defects  in  silicon  at  high  temperature.  The  results 
obtained  by  the  former  method,  however,  have  been 
contradictory  [3-5].  On  the  other  hand,  in  the  latter 
measurements  [6],  V  formation  energy  in  silicon  was  not 
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determined  since  the  temperature  dependence  of  the  net 
concentration  of  native  defects  (V-I)  was  not  simple. 
Consequently,  the  V  formation  energy  in  silicon  has  not 
been  established  experimentally. 

To  study  point  defects  in  thermal  equilibrium  in 
silicon,  we  applied  a  quenching  method  instead  of  the 
above-mentioned  in  situ  methods.  The  quenching 
method  itself  is  very  useful  and  successful  in  the  case 
of  metals.  It  is,  however,  difficult  to  apply  it  to  silicon 
since  the  migration  energy  of  V  in  silicon  is  very  small 
(<0.45  eV)  [7,8]  and  V  easily  rises  to  the  specimen 
surface  or  forms  complexes.  To  quench  isolated  V,  the 
quenching  speed  should  be  much  faster  than  105K/s, 
which  is  too  high  to  prevent  specimen  breakage.  To 
overcome  this  difficulty,  we  applied  a  new  quenching 
method.  In  this  method,  quenching  is  performed  in  H2 
gas  and  therefore  V  are  quenched  as  H-V  complexes 
which  are  detected  by  optical  absorption  due  to  the 
localized  vibrational  mode  of  H  included  in  the 
complexes  [9-11]. 

In  this  paper,  we  report  a  new  approach  for 
determination  of  the  V  formation  energy  in  high-purity 
silicon.  The  value  determined  by  applying  the  new 
quenching  method  is  in  good  agreement  with  the  results 
of  recent  theoretical  estimations. 
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2.  Experimental 

A  high-purity  silicon  (n-type.  [P]  =  4  x  1012  cm '  3) 
crystal  was  used  for  this  study.  The  specimens  were 
sealed  in  quartz  capsules  together  with  Hi  gas  and 
heated  at  1 200-1 390~C  for  1  h,  followed  by  quenching  in 
water.  Optical  absorption  measurements  were  per¬ 
formed  at  4.6  K  by  a  Fourier  transform  infrared 
spectrometer  with  a  resolution  of  0.25  cm  '.  The  speci¬ 
men  thickness  was  about  12.5  mm.  Isochronal  annealing 
was  carried  out  for  30  min  at  various  temperatures  in  the 
range  of  100-650^C. 


3.  Results  and  discussion 

Representative  optical  absorption  peaks  observed 
after  quenching  are  shown  in  Fig.  1.  When  specimens 
were  quenched  from  1300  C  optical  absorption  peaks 
due  to  H2  [12]  and  H2  [13]  were  observed  at  about  3618.6 
(abbreviated  3619  hereafter)  cnT  1  and  1838.7  & 
2062.1cm”1,  respectively.  When  quenched  from 
1390°C,  five  peaks  were  observed  at  about  2131.5 
(2132),  2191.8  (2192),  2202.7  (2203),  2220.8  (2221)  and 
2222.9  (2223)cm  " in  addition  to  the  above-mentioned 
peaks.  The  peak  intensity  due  to  H2  absorption  was 
much  smaller  than  that  due  to  H2  absorption.  The 
2223  cm peak  has  been  assigned  to  the  Si-H  stretching 
mode  of  V  saturated  with  four  H  atoms  (VH4)  [14-16]. 
From  this,  it  is  definitely  confirmed  that  V  are  quenched 
in  the  form  of  H-V  complexes.  In  our  experimental 
conditions,  almost  all  V  are  quenched  in  the  form  of  H- 
V  complexes  before  the  pair  annihilation  of  V  and  self¬ 
interstitials  (I)  due  to  the  following  reasons:  (I)  the 
concentration  of  H  (~10i6cm°)  is  much  higher  than 
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Fig.  1.  (a.b)  Optical  absorption  peaks  observed  in  high-purity 
silicon  healed  at  1300  C  and  1390  C  for  Ih  in  an  H:  gas 
followed  by  quenching  in  water.  The  resolution  was  0.25  cm  '. 


Fig.  2.  The  isochronal  annealing  temperature  dependence  of 
the  integrated  intensities  of  the  2192.  2203,  2223,  and  3619  cm  1 
peaks.  The  specimen  was  quenched  from  1390T. 


those  ( -  10,4cm"3)  of  V  and  I,  (2)  the  reaction  between 
H  and  V  is  very  fast  and  (3)  the  thermal  stability  of  the 
complexes  is  also  high. 

Fig.  2  shows  the  isochronal  annealing  behaviors  of 
various  peaks.  The  2223  cm"1  peak  intensity  increases 
with  the  decrease  of  the  2192,  2203,  and  36 1 9  cm-1  peak 
intensities  at  above  350X1  This  shows  that  the  2192  and 
2203  cm  1  complexes  (termed  the  wavenumber  com¬ 
plexes  which  are  responsible  for  the  optical  absorption 
at  the  wavenumber)  are  transformed  to  the  2223  cm" 1 
complex  by  the  reaction  with  H2.  Incidentally,  at 
temperatures  between  100  C  and  350  C.  the  2192  and 
2203cm  1  peak  intensities  increase  and  the  3619cm'"1 
peak  intensity  decreases.  These  results  suggest  the 
existence  of  “hidden”  V-H  complexes  which  could  not 
be  detected  and  furthermore  suggest  that  these  hidden 
complexes  are  transformed  to  the  2192  and  2203  cm"1 
peaks.  Based  on  the  annealing  behaviors  of  the  2192  and 
2203  cm  1  peaks,  our  previous  result  regarding  the 
quenching  temperature  dependence  [10]  and  the  result 
of  Qi  et  al.  [17],  we  have  assigned  the  2192  and 
2203  cm  1  peaks  to  a  VH3  complex  with  different 
vibrational  modes  [11].  As  for  these  peaks,  another 
model  has  been  proposed  [18],  namely,  a  V2Hf>  complex. 
This  was  proposed  in  a  study  of  H-implantation. 
Contrary  to  H-implantation.  local  concentrations  of  V 
in  quenched  specimens  seem  to  be  very  low.  Hence,  the 
probability  of  V2H6  complex  formation  is  very  small. 

We  interpret  the  annealing  temperature  dependence  of 
the  2192,  2203,  3619,  and  2223  cm"1  peaks  by  the 
following  explanation  assuming  the  hidden  complexes  to 
be  VH  and/or  VH2.  Indeed,  we  have  been  able  to 
observe  an  optical  absorption  peak  due  to  one  of  the 
hidden  complexes,  the  VH2  complex,  in  quenched  silicon 
doped  with  carbon  and  H,  where  V  concentration  was 
higher  than  that  in  high-purity  silicon  [10].  The  increase 
of  the  intensities  of  the  2192  and  2203  cm"  1  peaks  at 
temperatures  between  100  C  and  350  C  is  due  to  the 
formation  of  the  VH3  complex  by  reactions  between  a 
VH  complex  and  an  H2  or  a  VH2  complex  and  an  H 
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Fig.  3.  The  quenching  temperature  dependence  of  the 
2223  cm-1  peak  observed  in  specimens  heated  at  1300°C  and 
1 360°C  for  1  h  in  an  H2  gas  followed  by  quenching  in  water  and 
subsequent  annealing  at  450°C  for  0.5  h  in  argon  gas. 


Fig.  4.  The  quenching  temperature  dependence  of  the  inte¬ 
grated  intensities  of  the  2223  cm-1  peak. 


which  is  dissociated  from  an  H2  and  an  H2.  The  decrease 
of  the  2192  and  2203  cm-1  peaks  intensities  and  the 
increase  of  the  2223  cm-1  peak  intensity  above  350°C 
are  due  to  the  formation  of  the  VH4  complex  by  a 
reaction  between  the  VH3  complex  and  an  H2  or  the 
VH3  complex  and  an  H.  In  case  of  the  former  reaction, 
the  diffusing  H2  divides  into  two  H  atoms  when  it  reacts 
with  the  VH3  complex  and  one  H  atom  is  released  after 
the  formation  of  the  VH4  complex,  in  the  same  way  as 
the  passivation  of  B  by  H2  (B  +  H2-*BH  +  H).  The 
released  H  atom  again  reacts  with  another  VH3  complex 
(the  latter  reaction).  As  already  described,  the  2221  cm-1 
peak  was  also  observed.  The  annealing  behavior  of  this 
peak  shows  that  the  2221cm-1  complex  is  also 
transformed  into  the  VH4  complex.  As  for  the 
2132cm-1  peak,  there  have  been  two  reports  that  this 
peak  is  due  to  a  defect  including  interstitial  oxygen 
[17,19].  This  peak  disappeared  after  annealing  at  450°C. 

As  shown  in  Fig.  2,  almost  all  H— V  complexes  are 
transformed  into  only  one  complex,  the  VH4  complex, 
by  annealing  at  450°C.  Hence,  it  is  considered  that  the  V 
concentration  is  proportional  to  the  peak  intensity  of  the 
VH4  complex.  From  this,  it  is  possible  to  determine  the 


V  formation  energy  of  silicon  without  determining  the  V 
concentrations.  Based  on  this,  we  annealed  specimens 
quenched  from  various  temperatures  at  450°C  and  then 
determined  the  relative  concentrations  of  Y  from  the 
2223  cm-1  peak  intensities.  As  shown  in  Fig.  3,  the 
2223  cm-1  peak  is  sufficiently  strong  to  determine  the 
relative  concentrations  of  the  VH4  complex  and, 
consequently,  the  formation  energy  of  V.  From  the 
Arrhenius  plot  of  Fig.  4,  the  formation  energy  of  V  is 
determined  to  be  about  4.0  eV.  This  value  is  in  good 
agreement  with  recent  theoretical  estimations  (3-4.5  eV) 
[2],  confirming  the  usefulness  of  our  new  quenching 
method. 


4.  Conclusions 

The  formation  energy  of  V  in  high-purity  silicon  was 
determined  to  be  about  4.0  eV  with  our  new  quenching 
method.  This  value  is  in  good  agreement  with  recent 
theoretical  values.  This  method  opens  up  a  new  way  to 
determine  the  formation  energy  of  V  in  various  silicon 
crystals.  Application  of  this  method  to  Czochralski- 
grown  silicon  is  highly  expected  to  clarify  the  void 
formation  mechanism  and  to  lead  to  new  ways  of 
reducing  the  void  density. 
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Abstract 

A  new  method  for  calculating  the  parameters  of  resonant  states  as  well  as  the  probability  of  resonant  scattering, 
capture  and  emission  is  developed.  It  is  based  on  the  configuration  interaction  method,  which  has  been  first  introduced 
by  Fano  in  the  problem  of  autoionization  of  He.  The  method  has  been  applied  to  resonant  states  induced  by  (i)  defects 
in  the  barrier  of  GaAs/GaAlAs  quantum  well  structure  and  (ii)  acceptors  in  Ge  under  external  stress.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords :  Resonant  states;  Quantum  well  heterostructures;  Defects  in  barriers;  Strained  germanium 


0.  Introduction 

Resonant  states  have  been  studied  very  well  in  atomic 
physics.  Semiconductors  are  other  systems  where 
resonant  states  play  a  significant  role  in  physical 
processes.  Such  states  appear,  for  example,  in  zero-gap 
semiconductors  doped  by  shallow  acceptors.  The  system 
of  a  special  interest  is  uniaxially  strained  germanium 
where  the  generation  of  THz  radiation  has  been 
achieved  [1,2]. 

Here,  we  suggest  a  new  method  for  calculating  the 
parameters  of  resonant  states  and  the  probability  of 
resonant  scattering,  capture  and  emission  of  carriers. 
The  approach  is  based  on  the  configuration  interaction 
method,  which  was  first  introduced  by  Fano  [3]  in  the 
problem  of  autoionization  of  He.  The  main  idea  is  to 
choose  two  different  Hamiltonians  for  the  initial 
approximation:  one  for  continuum  states  and  the  other 
for  localized  states.  Then,  wave  functions  are  con- 
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structed  in  terms  of  scattering  theory  following  to  Dirac 
[4].  In  a  result,  the  energy  shift  and  the  width  of  resonant 
level  as  well  as  amplitude  of  resonant  elastic  scattering 
and  capture  probability  by  resonant  states  is  calculated. 
The  method  is  applied  to  resonant  states  induced  (i)  by 
impurities  in  the  barrier  of  quantum  wells  and  (ii)  by 
shallow  acceptors  in  Ge  under  stress. 


1.  Resonant  states  induced  by  localized  states 
in  barriers  of  QW 


We  will  demonstrate  the  general  idea  by  applying  it  to 
a  system  consisting  of  a  quantum  well  (QW)  and  one 
impurity  in  the  barrier.  The  full  Hamiltonian  is  given  by 

h2 

H  =  —A  +  V(z)  +  Fd(r  -  r0),  (1.1) 


where  V(z)  is  the  QW  potential  and  Vd  is  the  defect 
potential  (see  Fig.  1). 

As  an  initial  approximation  for  the  wave  function  of 
the  localized  state  induced  by  the  impurity  we  use  the 
solution  of  the  equation 


A+Fd(r-r0) 

2m 


(p( r  -  r0)  =  E0(p( r  -  r0). 


(1.2) 
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Fig.  1.  A  schematic  of  quantum  well  with  introduced  impurity 
level;  £„  is  the  binding  energy  of  an  impurity  in  the  first 
approximation.  E\  is  the  space  quantization  energy. 


The  initial  wave  functions  of  continuum  states  ^k(r) 
satisfy  the  following  equation; 

~2 +  V{~)  'Ak(r)  =  Ekijj k(r).  (1.3) 


The  energy  shift  A E  and  the  width  /  /2  of  the  resonant 
level  are  given  by 


A£=<5 


jj  jMzi  w 


+  — [ d2k'-Zk'  Vw 
(2n)2  J  Ek  ~ 

I  =  i/  d  2ez*k,yk.d(E,-Ek.) 

Here  the  matrix  elements 
n  =  s/s<v  |Ki|*i).  =  s/s{<p\^). 

S  =  <rp|  V(:)\<p)  Zk  =  s/S<.<p\V(:)\,l,k), 


Ek  -  Ek 


Kkk-  =5,(t/'k|  Ki|i/v).  (1.11) 

are  introduced.  In  solution  (1.9-1.10)  we  have  taken  into 
account  resonant  scattering  only,  neglecting  the  impur¬ 
ity  potential  scattering. 

The  probability  of  resonant  elastic  scattering  Wkk>  of 
2D  carriers  and  the  capture  probability  lVkr  are  given  by 

"W=y|/kk-l2  <5fa-ck.) 


We  are  considering  QW  with  one  energy  level  only  so 
that 


Ek  =  -AK  -f  £|  +£*,  (1.4) 

where  AV  is  band  offset  at  the  QW  boundary  (see 
Fig.  1),  E\  is  the  space  quantization  level  and  r.k  = 
hrk-jlm  is  the  kinetic  energy  of  2D  motion.  So  we  can 
write  for  i^k(r) 


*Wr)  </>(-)  exp(ikp). 


where  S  is  a  normalizing  square. 

Now  we  consider  the  problem  of  scattering  of  the  in¬ 
plane  moving  carrier  by  the  impurity  in  the  barrier. 
Following  Dirac  [4].  we  construct  the  w'ave  function  in 
terms  of  a  scattering  theory  in  the  following  form: 

^k(r)  =  ^k(r)  +  ak(p(r  -  r<>) 


+  E~_^  +  ]..  'MD,  V-+0.  (1.6) 

As  long  as  the  presence  of  one  impurity  does  not  perturb 
the  continuum  spectrum  significantly.  corresponds 
to  the  energy  Ek.  Solving  the  Schrodinger  equation  with 
the  full  Hamiltonian  (1.1)  for  '/^(r),  we  get 
1  Vk 

°k  s/s  Ek  -  (Ei,  +  A E)  +  ir/2’  ( 1  '7) 


l^kPlZk'l2 


h  S1  (Ek 


A£)2+r2/4 


WVr  =  |rtk|'=- - _  /, 

S  (Ek  -  E„  -  A£)2+r:/4’  (  '  3) 

respectively.  Both  probabilities  contain  the  same  reso¬ 
nant  denominator. 

The  resonant  scattering  should  be  introduced  into  the 
kinetic  equation  when  one  solves  the  problem  of  the  2D 
carriers  distribution  function  under  an  electric  field 
applied  in  the  plane  of  the  quantum  well.  This  scattering 
afTects  significantly  the  distribution  function  fk  of  hot 
carriers  [5].  The  population  /,  of  impurities  in  the  barrier 
is  connected  with  the  distribution  function  fk  by  relation 
[6] 

fr  =  J2  WV/k.  (1.14) 


The  position  of  resonance  Er  can  be  found  from  the 
condition  E,  —  £()  +  A E{Ek  —  Er ),  where  A E  is  deter¬ 
mined  by  Eq.  (1.9).  The  resonant  width  r  is  defined  by 
Eq.  (1.10)  at  Ek  =  £,. 

We  will  apply  the  above-described  approach  to 
calculate  the  energy  level  position  and  the  width  of 
resonant  states  induced  by  deep  donor  centers  which 
appear  in  the  barrier  region  of  Al„ .?Ga0.7As/GaAs/ 
Alo.3Gan.7As  heterostructure  doped  with  Si.  These 
centers  were  extensively  studied  experimentally  [7] 
because  they  heavily  affect  a  performance  of  hetero¬ 
structure  based  electronic  and  optoelectronic  devices. 
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In  doped  AlvGai_YAs  with  Al  content  x  larger  than 
0.27,  more  than  a  half  of  Si  donor  centers  produce  deep 
levels  with  binding  energy  Ec~  155  meV  measured  from 
the  bottom  of  the  F- valley  [7].  The  results  of  calculations 
of  Er  and  F  as  a  function  of  the  distance  between  defect 
and  QW  boundary  are  presented  in  Fig.  2  for  different 
QW  widths.  We  have  used  the  band  offset  AV  = 
232  meV,  and  effective  masses  0.067  and  0.092  in  QW 
and  barrier  regions,  respectively. 

2.  Resonant  acceptor  states  in  uniaxially  strained 
germanium 

Germanium  has  a  fourfold  degenerate  top  of  the 
valence  band.  When  strained,  it  is  split  into  two  doubly 
degenerate  states.  The  ground  state  of  an  acceptor  shows 
the  same  behavior  under  uniaxial  stress.  At  some  critical 
value  of  the  stress — when  the  splitting  is  larger  than  the 
acceptor  binding  energy — one  of  the  split  levels  is 
shifted  into  the  continuous  spectrum  of  the  other 


Fig.  2.  The  resonant  position  (a)  and  the  resonant  width  (b) 
normalized  by  the  energies  of  the  first  space  quantization  level  as 
a  function  of  the  distance  d  between  impurity  and  QW  for  the 
case  of  deep  donor  in  Alo.3Gao.7As/GaAs/Alo.3Gao.7As  hetero¬ 
structure.  (1)  L  =  5nm,  EqW  =157.7 meV;  (2)  L=7.5nm, 
£0W,=  185.6meV;  (3)  L  =  lOnm,  Eq]V~ 201.8 meV;  (4)  L- 
12.5  nm,  EQW=  208.8  meV. 


valence  subband  and  becomes  resonant.  An  effective 
optical  transitions  between  resonant  and  localized  states 
of  the  same  impurities  can  take  place.  If  the  electric  field 
is  strong  enough,  an  electric  impurity  breakdown  occurs 
and  practically  all  localized  impurity  states  become 
depopulated.  Now,  the  capture  and  emission  processes 
lead  to  an  effective  population  of  resonant  states.  This 
may  cause  an  intracenter  population  inversion  that  is  the 
basis  for  THz  generation  [1,2]. 

Resonant  acceptor  states  were  considered  in  [6]  by 
using  the  Dirac  approach.  It  requires  choosing  an  initial 
approximation  Hamiltonian  which  should  give  localized 
states  overlapping  with  the  continuous  spectrum.  The 
approach  in  [6]  applies  for  large  stresses  and  for  small 
quasimomenta  but  it  fails  for  the  region  of  the 
continuous  spectrum  where  resonant  states  are  present. 

Using  our  new  approach,  we  consider  the  ground 
resonant  state  induced  by  shallow  acceptors  in  uni¬ 
axially  strained  p-Ge.  As  the  initial  approximation  for 
localized  states  we  choose  the  eigenfunctions  of  diagonal 
part  of  the  Luttinger  Hamiltonian  with  Coulomb 


(a)  P,  kbar 


(b)  P,  kbar 

Fig.  3.  The  position  (a)  and  width  (b)  of  resonant  state  as  a 
function  of  uniaxial  stress  applied  to  Ge  in  [00  1]  direction.  ETCS 
is  resonance  position  and  E b  is  ground  localized  state. 
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potential  taken  into  account.  For  continuum  states  we 
use  wave  functions  \j/yr]  “(r)  of  free  holes  in  cylindrical 
approximation  for  the  Luttinger  Hamiltonian.  Follow¬ 
ing  the  procedure  from  the  first  section  we  are  looking 
for  wave  functions  in  the  form: 


w±l/2  _ 
rk  ~  V'k 


±  i/2  ±  1/1-3/: 


+  a. 


<P 


(r) 


+  fl 


±1/1 -3/2  -3/2 


±1/1 . 1/2 

*kk' _ 

?‘k  ~  r.k’  +  iy 


--1/2 

k' 


(r) 


+  E 


t~  1/2.- 1/2 

kk'  rJ'%) 


CA  -  r-k-  +  iy 


(1.15) 


The  capture  probability  of  holes  with  momentum 
projection  +1/2.  Wkt  and  the  probability  of  elastic 
resonant  scattering  Wkk'  are  defined  now  by 


WV,  =  U 


1  2.- 


3  '2  -  ,  -l 
+  0L 


(1.16) 


11/  (  ±i/i-i/2  2 


+ u 


-  i/i -i/2  r 

kk' 


-«*').  (1.17) 


The  expressions  for  the  case  of  momentum  projection 
-1/2  are  similar. 

The  results  of  calculations  of  the  resonant  level  shift 
and  level  width  as  function  of  stress  applied  along  [00  1] 
direction  are  given  in  Fig.  3. 


3.  Conclusion 

The  approach  for  calculation  of  resonant  state  energy 
and  lifetime  as  well  as  probabilities  of  resonant  capture 


and  elastic  scattering  are  suggested  and  applied  to 
resonant  states  induced  by  deep  donors  in  the  barrier  of 
Ain  iGa0  7As/GaAs/Al()  ^Gao.yAs  QW  heterostructure  as 
well  as  by  shallow  acceptors  in  Ge  under  stress. 
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Abstract 

During  crystal  growing,  many  dislocations  are  created  in  the  multicrystalline  silicon  (mc-Si)  material.  Presence  of 
these  dislocations  significantly  changes  the  electrical  properties  of  mc-Si  wafer.  We  report  here  on  photoluminescence 
(PL)  and  electron  beam  induced  current  (EBIC)  mapping  of  recombination  centers  in  low  recombination  regions 
limiting  a  performance  of  the  mc-Si  solar  cells.  By  comparing  PL  mapping  with  the  distribution  of  dislocations,  we 
present  experimental  evidence  that  the  0.8  eV  band  corresponds  to  electrically  active  dislocation  networks.  At  low 
temperature,  a  characteristic  quartet  of  the  dislocation  D-lines  was  observed.  One  of  these  dislocation  lines  (Dl)  can  be 
tracked  as  temperature  increased  and  linked  to  the  “defect”  band.  We  also  found  using  temperature  dependent  EBIC 
correlated  with  PL  mapping  that  intense  defect  band  luminescence  originates  from  dislocation  with  low  level  of 
impurity  contamination.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Dislocations;  Photoluminescence;  Lifetime;  EBIC 


1.  Introduction 

Vigorous  growth  in  the  photovoltaic  market  over  the 
past  decade  has  been  predominantly  driven  by  advances 
in  crystalline  silicon  technology.  Multicrystalline  silicon 
(mc-Si),  which  can  be  produced  by  ribbon  or  block¬ 
casting  techniques,  can  meet  both  a  low-cost  production 
and  a  high  efficiency  requirement  for  solar  cells.  Since 
mc-Si  wafers  are  inhomogeneous,  this  motivated  devel¬ 
opment  of  mapping  techniques  to  track  recombination 
activity  of  defects  across  entire  wafer  and  solar  cell.  We 
report  here  on  photoluminescence  (PL)  and  electron 
beam  induced  current  (EBIC)  mapping  of  recombina¬ 
tion  centers  in  high  recombination  regions  of  mc-Si 
wafers.  These  regions  limit  solar  cell  performance,  and 
their  monitoring,  characterization,  and  reduction  is  a 
primary  goal  in  the  search  for  approaches  to  achieve 
high  cell  conversion  efficiencies.  We  present  experimen- 
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tal  evidence  that  high  recombination  regions  are 
characterized  by  an  intense  “defect”  PL  band,  asso¬ 
ciated  with  contaminated  dislocations,  which  are  elec¬ 
trically  active  at  room  temperature. 


2.  Samples  and  methods 

Materials  used  in  this  study  were  boron  doped  mc-Si 
wafers  grown  by  Edge-defined  Film-fed  Growth  (EFG) 
technique.  The  photoluminescence  mapping  and  PL 
spectra  were  analyzed  using  SPEX-500  M  grating 
spectrometer  coupled  to  a  liquid  nitrogen  cooled  Ge 
detector.  The  PL  signal  was  processed  using  a  conven¬ 
tional  lock-in  technique.  The  PL  spectra  were  corrected 
to  the  spectral  response  of  the  optical  setup.  A  800  nm 
AlGaAs  laser  diode  operating  in  a  pulse  mode  with  a 
peak  power  up  to  140  mW  was  used.  Photoluminescence 
mapping  at  room  temperature  was  performed  by  placing 
a  mc-Si  wafer  on  a  computer  controlled  X—Z  moving 
stage.  Spatial  resolution  in  PL  maps  was  limited  by  the 
diameter  of  the  laser  spot,  which  was  approximately 
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0.5  mm.  Temperature  study  was  carried  out  between  4.2 
and  300  K  in  the  variable  temperature  liquid  helium 
cryostat. 


3.  Experimental  results 

Inhomogeneity  in  electronic  properties  of  mc-Si 
wafers  gives  rise  to  distinct  high  and  low  lifetime 
regions.  In  the  regions  with  low  recombination  activity 
and  high  value  of  the  lifetime,  the  PL  spectrum  at  room 
temperature  consists  of  the  band-to-band  line  with 
maximum  at  1.09eV.  This  line  is  caused  by  the 
phonon-assisted  recombination  of  bound  and  non¬ 
bound  free  electrons  and  free  holes  [1].  On  the  contrary, 
regions  with  enhanced  recombination  activity  and 
reduced  minority  carrier  lifetime  exhibit  also  an 
intensive  “defect’'  PL  band  with  the  maximum  at  about 
0.8  eV  (Fig.  1,  spectrum  1).  The  defect  band  maximum 
varies  between  0.76  and  0.8  eV  from  point  to  point  on 
the  same  wafer.  Recombination  properties  of  the  0.8  eV 
band  were  described  previously  [2]. 

The  intensity  of  the  defect  band  is  highly  inhomoge¬ 
neous  across  the  wafer.  In  Fig.  2,  we  present  room 
temperature  PL  maps  of  band-to-band  intensity  (a)  and 
defect  band  intensity  (b).  The  dark  areas  on  PL  maps 
correspond  to  the  low  PL  intensity  while  the  light  areas 
represent  the  high  PL  intensity.  We  observe  a  distinctive 
reverse  correlation  of  two  maps.  i.e.  regions  with  high 


Fig.  ].  PL  spectra  of  an  EFG  wafer  at  different  temperatures. 
The  spectrum  at  77  K  is  deconvoluted  numerically  to  resolve 
four  individual  D/-D4'  Gaussian  peaks. 


band-to-band  PL  show  negligible  defect  luminescence, 
and  opposite,  strong  defect  band  is  observed  in  regions 
with  reduced  band-to-band  peak. 

We  reported  previously  [2,3]  that  the  topography  of 
band-to-band  PL  distribution  correlates  w'ith  distribu¬ 
tion  of  minority  carrier  lifetime  across  the  wafer. 
Fig.  3(b)  shows  both  band-to-band  PL  and  diffusion 
length  line  scans.  We  statistically  proved  using  mapping 
technique  that  the  band-to-band  PL  positively  correlates 
with  minority  carrier  lifetime. 

To  assess  a  possible  origin  of  the  defect  band 
luminescence.  W'e  performed  measurements  of  PL 
spectra  at  low  temperature.  Three  PL  spectra  at  different 
temperatures  measured  at  the  same  spot  on  an  EFG 
wafer  are  compared  in  Fig.  1.  At  room  temperature,  the 
defect  band  is  centered  at  0.77  eV.  As  temperature  is 
lowered,  the  defect  peak  shifts  to  higher  energy 
corresponding  to  the  temperature  dependence  of  Si 
band  gap.  At  77  K,  rich  spectral  features  are  now- 
observed  at  energies  below  1.05  eV.  Tw'o  bands  appear 
at  0.95  and  LOOeV.  At  low'er  energies,  the  PL  spectrum 
shows  the  defect  maximum  at  0.80  eV  with  a  barely 
resolved  additional  band  as  a  shoulder.  This  band  wras 
identified  with  defect  maximum  at  room  temperature.  At 
4.2 K  (Fig.  I,  spectrum  3).  the  band-to-band  emission  is 
replaced  with  exciton  lines  dominated  by  the  TO- 
phonon  replica  of  the  boron  bound  exciton  at 
1.093eV.  Along  with  the  increasing  intensity  between 
77  and  4.2  K,  the  PL  bands  below  1 .05  eV  are  now'  much 
narrower  (~10meV)  and  exhibit  additional  sub-bands. 
The  only  exception  is  the  0.8  eV  band,  which  retains  a 
large  half-width  of  ~60meV  down  to  4.2  K. 

We  performed  a  numerical  deconvolution  of  the  77  K 
PL  spectrum  in  the  range  of  0.72-1. 05  eV,  and  found 
that  the  entire  spectrum  can  be  satisfactory  fit  by  four 
Gaussian  peaks.  DI-D4'  [2],  A  set  of  four  similar  PL 
lines,  known  as  D1-D4,  w'ith  very  close  energies  to  those 
seen  here,  was  previously  observed  and  studied  in  detail 
in  plastically  deformed  Cz  and  float-zone  Si  single 
crystals  [4].  These  bands  are  attributed  to  dislocations. 
The  range  of  dislocation  density,  measured  in  low 
lifetime  regions  of  our  mc-Si  wafers,  (1-8  x  106cm~2) 
is  in  the  lower  end  of  the  range  of  dislocation  densities 
reported  for  the  plastically  deformed  Si  exhibiting  the 
dislocation  D-lines. 

To  check  further  an  assumption  on  dislocation  origin 
of  the  defect  band,  we  compared  the  band-to-band  and 
defect  band  PL  distributions  in  EFG  w'afer  w'ith 
recombination  activity  distribution  measured  on  the 
same  w'afer  by  EBIC  (Fig.  2).  It  should  be  pointed  that 
PL  mapping  and  EBIC  mapping  have  different  spatial 
resolutions.  The  black  areas  on  EBIC  maps  are  related 
to  the  region  with  high  recombination  activity  of 
dislocations.  In  this  correlation  EBIC/PL  study,  it 
became  clear  that  the  regions  of  low'  band-to-band  and 
high  defect  PL  are  caused  by  dislocations. 
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Fig.  2.  Room  temperature  band-to-band  (a),  defect  band  (b)  PL  maps  (on  the  left)  and  high  resolution  EBIC  maps  at  room 
temperature  and  80  K  (on  the  right)  in  EFG  wafer. 
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Fig.  3.  Line  scans  of  the  defect  concentration  [1]  expressed  as 
the  ratio  of  defect  PL  to  band-to-band  PL  (1)  and  dislocation 
density  (2)  in  an  as-grown  EFG  wafer.  A  vertical  arrow 
indicates  the  region  with  a  high  dislocation  density  and  low 
defect  concentration. 

We  conclude  that  the  defect  PL  is  associated  with 
dislocations  with  moderate  degree  of  impurity  contam¬ 
ination.  In  fact,  recombination  activity  of  dislocations 
strongly  depends  on  both  the  metal  impurity  contam¬ 


ination  and  temperature.  According  to  the  model 
proposed  in  Ref.  [5],  a  moderate  contamination  level  is 
exhibited  as  reduction  of  EBIC  contrast  at  high 
temperature  compared  to  77  K  EBIC  contrast.  This  is 
exactly  a  case  of  0.8  eV  PL  band  defects,  as  illustrated  in 
Fig.  2.  If  the  contamination  level  is  too  low  (“clear” 
dislocation)  or  too  high  (dislocation  decorated  by  metal 
silicate  precipitates)  the  defect  PL  band  luminescence  is 
vanished.  However,  a  relatively  low  contamination  level 
of  dislocations,  in  the  order  of  10  impurity  atoms  per 
micron  of  the  dislocation  length  produces  distinguish¬ 
able  defect  band  luminescence. 

This  study  demonstrates  a  utility  of  the  spectroscopic 
PL  mapping  to  monitor  electrically  active  dislocations  at 
various  contamination  levels  of  precipitated  defects. 
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Abstract 

A  resonance  acoustic  effect  was  observed  recently  in  full-size  200  mm  Cz-Si  wafers  and  applied  to  characterize  as- 
grown  and  process-induced  defects.  Ultrasonic  vibrations  can  be  excited  into  wafers  using  an  external  ultrasonic 
transducer  and  their  amplitude  is  recorded  using  a  scanning  air-coupled  acoustic  probe  operated  in  a  non-contact  mode. 
By  sweeping  driving  frequency,/,  of  the  transducer,  we  observed  an  amplification  of  a  specific  acoustic  mode  referred  to 
as  ‘whistle’.  In  this  paper,  we  performed  theoretical  modeling  of  the  whistle  which  allowed  in  attributing  this  mode  to 
resonant  flexural  vibrations  in  a  thin  circular  plate.  We  calculated  normal  frequencies  of  the  flexural  vibrations  of  a 
circular  plate  of  radius  p  in  the  case  of  the  free  edge.  The  model  gives  an  excellent  fit  to  experimental  data  with  regard  to 
whistle  spatial  distribution.  The  results  of  calculation  allow  the  evaluation  of  resonance  acoustic  effect  in  wafers  of 
different  geometries  employed  in  the  industry.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  elastic  stress  in  Cz-Si  wafers  and  thin  films  can 
be  caused  by  point  defects  and  their  complexes. 
For  instance,  thermal  oxide  on  Cz-Si  creates  a  residual 
stress  of  a  few  hundreds  of  MPa  in  the  films  due 
to  a  difference  in  thermal  expansion  of  the  substrate 
and  oxide,  which  can  be  detrimental  for  gate- 
oxide  integrity  and  reliability  of  CMOS  devices. 
Residual  elastic  stress  can  also  be  harmful  to  silicon 
substrates,  especially,  with  scaling  of  wafer  diameter 
up  to  300  mm.  On  the  other  hand,  the  stress  can  be  a 
driving  force  to  various  types  of  defect  reactions,  such 
as  precipitation  of  residual  impurities  deteriorating 
the  electronic  quality  of  material.  Therefore,  a  problem 
of  non-contact  and  non-destructive  monitoring 
of  residual  stress/strain  in  as-grown,  oxidized 
and  epitaxial  (Cz-Si)  wafers  is  a  current  issue  for 
microelectronics.  Resonance  acoustic  diagnostics 
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was  developed  and  employed  recently  to  characterize 
internal  stress  in  full-size  200  mm  Cz-Si  wafers  [1].  We 
report  here  the  theoretical  analysis  of  the  resonance 
acoustic  effect  and  compare  calculation  results  with 
experimental  data. 


2.  Experiment 

Ultrasonic  vibrations  were  generated  into  single¬ 
side  polished  Cz-Si  wafers  of  200  mm  diameter  using 
circular  resonance  piezoelectric  transducer  pressed 
by  vacuum  against  the  backside  of  the  wafer  [1]. 
These  vibrations  are  propagated  in  the  wafer  beyond 
the  transducer  and  form  standing  waves  at  specific 
frequencies.  The  amplitude  of  the  standing  wave  is 
measured  using  an  air-coupled  acoustic  probe. 
Fig.  1  demonstrates  a  frequency  curve  of  the  acoustic 
oscillations  of  Cz-Si  wafer  measured  at  probe  location 
of  1  mm  above  the  wafer  front  surface.  By  tuning 
driving  frequency,  /,  of  the  transducer,  we  observed 
amplification  of  a  specific  acoustic  mode  referred  to  as 
‘whistle’.  By  changing  the  ac  driving  voltage  we 
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Driving  frequency  [Hz]  V 

peaktopoak 


Fig.  1.  Frequency  scans  of  the  transducer  (a)  and  the  whistle  Fig.  2.  Amplitude  dependence  of  the  whistle  mode  versus  the 

mode  (b).  The  later  is  recorded  with  lock-in  tuned  to  the  half  of  voltage  applied  to  transducer, 

driving  frequency. 


measured  an  amplitude  scan  of  the  acoustic  signal.  The 
amplitude  scan  shows  a  clear  threshold  as  illustrated  in 
Fig.  2,  which  is  dependent  on  wafer  history  [2],  The 
characteristics  of  the  whistle  allow  the  attribution  of  this 
mode  to  resonance  flexural  vibrations  in  a  thin  circular 
plate. 


3.  Modeling 

We  consider  flexural  vibrations  in  a  thin  circular  plate 
with  thickness  h  and  radius  p(h<£p),  which  is  a  good 
model  of  a  full-size  200  mm  Cz-Si  wafer.  The  equation 
for  flexural  vibrations  can  be  represented  as  follows: 

(V2V2  —  p*)u  =  0,  (1) 

where  V2  is  the  Laplace  operator  applied  to  w,  and  /i4  = 
or  p4  he /D  is  a  dimensionless  variable  which  depends  on 
vibration  frequency  (ro).  thickness  and  diameter  of  the 
wafer  and  flexural  rigidity  D  =  Eh2/ 12(1  -  v2),  where  E 
and  v,  here,  are  Young’s  modulus  and  Poisson 
coefficient,  respectively,  and  c  is  a  density  of  material 
[3].  For  flexural  vibrations,  we  look  for  the  solutions  of 
the  Eq.  (1)  in  the  form 

U(P,  (P)  =  u{pytH'\  (2) 

where  u  is  a  normal  displacement  of  a  plate  from 
equilibrium  and  p  and  tp  are  radial  and  polar 
coordinates  with  respect  to  the  wafer  center.  Using  the 
method  of  the  separation  of  variables,  one  can  obtain 
the  general  solution  of  Eq.  (1)  in  the  form 


u(p,  <p)  =  [aJ„{Pp)  + 


sin  tup 
cos  mp  ’ 


where  J„  are  Bessel  functions  and  I„  are  modified  Bessel 
functions  of  the  order  «,  respectively.  Zero  value  of 
elastic  stress  components  at  the  wafer  edge  (p  =  1)  leads 
to  the  free-edge  boundary  conditions 


2(7  +  p)  6  2  03w 

/  +  2p  dp  U  dp  dtp 2 


p  = 


0Y| 

dtp2  p  = 
=  0, 


-  o, 


(4) 


where  l  and  p  are  Lame’s  constants.  All  the  above,  allow 
the  calculation  of  the  deformation  pattern  of  thin  silicon 
plate,  which  performs  flexural  vibrations.  Figs.  3a  and  b 
show  a  correlation  between  experimental  and  calculated 
maps  of  the  acoustic  energy,  which  is  proportional  to  the 
square  of  the  acoustic  displacement. 

In  the  experiment  with  (100)  oriented  200  mm  Cz-Si 
wafers  we  observe  high  order  flexural  vibrations  with 
n  =  20  (Fig.  3a).  This  number  is  a  consequence  of  four¬ 
fold  symmetry  of  the  (1  00)  crystal  plane,  which  permits 
n  =  4  m  ( m  =  1 , 2, 3, ... )  values  of  the  index  n.  Note  that 
p  is  multiplied  by  a  scale  factor  of  100,  in  order  to  raise  it 
over  to  the  experimental  wafer’s  size.  There  is  a  clear 
similarity  between  the  experimental  and  theoretical 
maps,  especially  at  wafer  periphery.  One  should  mention 
that  the  additional  maxima  in  the  internal  part  of  the 
experimental  acoustic  map  are  probably  caused  by  a 
superposition  of  the  major  Bessel  function  of  n  =  20 
with  lower  order  solutions  of  Eq.  (1),  such  as  n  =  12,  16, 
etc,  satisfying  n  =  4  m  criterion.  What  is  more  important 
is  that,  according  to  our  calculations,  the  lower  order 
solutions  shift  the  maximum  of  the  radial  distribution 
toward  the  wafer  center,  as  illustrated  by  arrows  in 
Fig.  4a. 


(3) 
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Fig.  3.  (a) — acoustical  map  of  the  ‘whistle’  measured  on 
200  mm  Cz-Si  wafer  at  co  =  12.7  kHz,  V  =  2.8Vpp. 
(b) — theoretical  map  of  the  high-order  flexural  vibrations  of 
thin  elastic  plate  with  n  =  20. 


Fig.  4.  Experimental  distribution  of  the  acoustic  power  (points) 
and  theoretical  fit  (solid  line)  for  (a)  radial  and  (b)  angular 
dependencies.  Arrows  on  the  radial  scan  indicate  the  positions 
of  resonance  flexural  modes  of  different  orders. 


By  separating  variables  in  Eq.  (1),  we  fit  experimental 
data  for  radial  and  angular  part  individually.  An 
illustrative  example  is  presented  in  Figs.  4a  and  b.  The 
angular  curve  fits  the  data  with  sin 2(p  function.  The 
radial  curve  shows  a  very  good  fit  for  the  main 
maximum  located  at  the  wafer  periphery.  We  notice 
that  the  experimental  radial  distribution  of  the  flexural 
vibrations  (Fig.  4a),  shows  additional  lower  index  Bessel 
modes  (n  —  12)  as  we  discussed  earlier.  Substituting  (3) 
into  (4)  one  can  obtain  the  system  of  linear  equations  for 
coefficients  a  and  b. 


vanishes.  The  normal  (resonance)  frequencies  of  flexural 
vibrations  can  be  calculated  using  the  equation  [3] 


COnm 


I  1 

p 2  V  60  _  v)£ 


(6) 


Fig.  5  illustrates  the  three  sets  of  normal  frequenc¬ 
ies  versus  an  order  of  Bessel’s  function  for 
wafer  diameters  150,  200,  and  300  mm,  which  are  mainly 
used  in  microelectronics.  The  dashed  line  indicates 
the  resonant  frequency  observed  in  our  experiment 


/  -P3J'„(P)  +  (1  -  v)«2[/„(«  -  pJ'M  fl'M  +  (1  -  v)n2[I,m  -  pr„m  \  x  /  a \  =  A) 

\  + (i  -  v)[kV„gs)  -  wm  + o  -  -  Km ) x  w  V° 


The  frequency  equation  can  be  expressed  by  with  200  mm  Cz-Si  wafers.  It  shows  that  in  the 

the  condition  that  the  determinant  of  the  system  case  of  200  mm  diameter,  one  should  expect  flexural 
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Fig.  5.  Normal  frequencies  of  the  high-order  flexural  vibrations 
in  silicon  wafers  of  three  diameters.  The  bars  represent  the  cITect 
on  the  frequencies  the  anisotropy  of  elastic  modulus  in  silicon  in 
<100>.  <1 1 i>  and  <1 10). 


vibrations  at  the  wafer  periphery  with  n  =  20.  The  bars 
at  each  Bessel  mode  n  represent  anisotropy  of  the  elastic 
modulus  in  Si  single  crystals  along  <  1  00),  <  I  1  0 >  and 
<111)  crystallographic  directions.  The  results  of  this 
modeling  allow  the  prediction  of  a  resonance  acoustic 
effect  in  wafers  of  different  geometry,  crystallography, 
and  other  chemical  origin  employed  by  the  electronic 
industry  (GaAs,  InP). 
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Abstract 

The  successful  results  of  multifractal  analysis  application  to  a  quantitative  description  of  mosaic  structure 
peculiarities,  which  are  typical  for  GaN  epitaxial  layer  with  hexagonal  modification  grown  on  (0001)  sapphire 
substrates,  have  been  obtained.  A  linear  dependence  of  mobility  on  the  multifractal  parameters  of  surface  topology  of 
the  mosaic  structure  (the  self-organization  degree  and  the  disruption  of  the  local  symmetry)  has  been  observed  in  GaN 
layers.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

A  mosaic  structure  is  typical  for  GaN  epitaxial  layers 
of  the  hexagonal  modification.  However,  the  data  on  the 
influence  of  mosaic  structure  peculiarities  on  electric 
characteristics  of  the  layers  and  device  structures  are 
insufficient.  In  most  publications,  the  peculiarities  are 
analysed  at  a  local  level  (from  transmission  microscopy), 
at  an  integral  level  (from  X-ray  diffraction),  or  at  a 
qualitative  level  using  atomic-force  microscopy  (AFM). 
The  results  obtained  by  these  techniques  are  unlikely  to 
reveal  important  peculiarities  of  the  mosaic  structure 
completely.  Perhaps,  due  to  this  fact,  a  correlation 
between  structural  properties  and  electrical  character¬ 
istics  of  IH-nitrides  was  not  established. 

It  has  been  well  known  that  self-organization  of  the 
non-equilibrium  defect  system  in  the  form  of  a  mosaic 
structure  occupies  the  highest  stage  of  the  rank  scale  for 
defect  classification  in  solids.  Similar  objects,  in  parti¬ 
cular,  with  the  mosaic  structure,  have  been  studied  well 
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in  metallurgy.  It  was  demonstrated  that  investigations  of 
the  surface  topology  of  the  objects  with  the  complicated 
structure  followed  by  the  multifractal  analysis  (MFA) 
treatment  allow  the  properties  of  the  complex  objects  to 
be  characterized  quantitatively  as  a  whole  [1-4].  These 
properties  are  the  disruption  of  both  general  and  local 
symmetry,  and  the  self-organization  degree  [1,2]. 

From  these  facts,  the  following  aims  have  been 
formulated  in  the  present  paper:  (1)  To  clarify  a  role 
of  the  mosaic  structure  in  forming  the  characteristics  of 
both  the  GaN  layers  and  of  the  devices  based  on  these 
layers;  and  (2)  along  with  conventional  experimental 
techniques,  to  apply  the  MFA  and  to  clarify  the 
correlation  of  the  multifractal  characteristics  with 
electrical  properties  of  the  GaN  layers,  in  particular, 
with  the  mobility  of  charge  carriers. 


2.  Experiment 

GaN  epitaxial  layers  of  the  hexagonal  modification 
with  a  specular  surface,  which  were  grown  by  metal- 
organic  chemical  vapour  deposition  on  (000  1)  sapphire 
substrates  at  a  pressure  of  200mbar,  were  investigated. 
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Table  1 

Characteristics  of  the  GaN  epitaxial  layers 


Group 


I 

II 

III 

IV 

V 

VI 

X-ray  data 

Domain  twist  angle 

20 

6' 

18' 

20' 

25' 

70' 

Average  domain  size  (nm) 

2000 

480 

500 

800 

800 

500 

AFM  data 

Surface  domain  size  (nm) 

500  1500 

200  300 

200  500 

200  500 

300  1500 

300  500 

Roughness  (nm) 

2.0 

0.4 

0.5 

0.6 

1.0 

0.8 

Electron  mobility  at  room  temperature  (cm2  V  1  s  ') 

55 

600 

400 

30 

25 

?60 

Renyi  dimension  (Dq) 

3.62 

1.49 

1.55 

1.63 

1.64 

1.57 

The  3-4  pm  thick  layers  were  of  n-type  conductivity  with 
a  carrier  concentration  of  (1-2)  x  101 7  cm  3  [5]. 

Six  groups  of  layers  were  chosen  with  different 
mobilities  and  with  different  volume  structure  properties 
obtained  from  the  X-ray  diffraction  [6].  All  layers  except 
Group  II  had  the  dislocation  density  of  about  10locm  2. 
It  was  one  order  of  magnitude  less  in  II  Group  layers. 
The  characteristics  of  these  groups  are  presented  in 
Table  1. 

The  AFM  data  allowed  both  the  roughness  and  the 
average  lateral  size  of  surface  domains  to  be  estimated. 
The  AFM  data  were  treated  using  the  MFA.  It  can 
ascribe  to  the  structure  the  quantitative  parameters, 
characterizing  the  structure  as  a  whole,  in  addition  to 
the  conventional  methods  of  description.  In  particular, 
an  original  technique  has  been  developed  by  a  number 
of  researchers,  which  involves  multifractal  parameter¬ 
ization  of  plane  structures  on  the  basis  of  a  new 
informational-theoretical  interpretation  of  multifractal 
formalism  [1,4]  and  which  allows  the  degree  of  order 
index  (the  disruption  of  the  local  symmetry)  of  the 
structures,  and  the  Renyi  dimension  (the  degree  of  self¬ 
organization)  to  be  introduced  and  to  be  computed. 

Contrary  to  the  conventional  fractal  analysis,  which 
uses  only  one  level  of  self-similarity  and  only  one 
distribution  function  of  a  digit  ensemble  density  for  the 
entire  system,  MFA  uses  several  levels  of  self-similarity 
and  several  distribution  functions  for  large  boxes  of  the 
system.  It  allows  the  distribution  functions  to  be 
compared  both  between  them  and  with  the  whole 
system.  The  procedure  allows  the  degree  of  disruption 
to  be  determined  quantitatively  for  local  and  general 
symmetry  as  well  as  the  order  degree  of  a  complex 
system  as  a  whole.  Therefore,  a  more  detailed  informa¬ 
tion  on  the  complex  system  peculiarities  can  be  obtained 
using  MFA. 

The  procedure  of  image  processing  consists  of  several 
stages:  From  the  AFM  data,  the  approximated  images 
of  the  surface  are  patterned. 


Then  the  binary  matrix  is  obtained  assigning  “0"  and 
“1”  t0  light  and  dark  points,  respectively.  In  our  case, 
the  matrix  dimensions  are  280  x  280  units.  After  that, 
the  matrix  is  divided  into  larger  boxes  consisting  of  4  x 
4  elementary  units.  In  our  case  the  maximum  4  is  100. 
For  every  rougher  partition  a  characteristic  measure  Pi 
was  calculated  (/>•  =  Afz/^A/,,  where  M,  is  the  sum  of 
the  units  in  the  /th  larger  box,  is  the  overall  sum  of 
units  over  the  whole  rougher  partition,  and  i  - 
1,  2,  ...,  N,  where  N  =  (280/4)2,  i.e.  the  square  of  the 
integer  part).  The  conventional  multifractal  character¬ 
istics  were  calculated  in  each  digitized  image  using  such 
a  collection  of  either  rougher  partitions,  i.e.  the  so-called 
/(- y)  spectra  and  the  Renyi  dimensions  Dq  =  x{q)/{q  - 
1)  were  calculated  [2].  Dq  carries  the  information  on  the 
thermodynamic  conditions  of  the  structure  formation. 
Moreover,  it  is  indicative  of  both  the  growth  condition 
non-equilibrium  degree  and  the  system  self-organization 
level.  It  should  be  noticed  that  Dq  is  usable  as  a  means  of 
identification  of  material  structures,  which  are  poorly  or 
not  recognized  by  traditional  methods.  The  dependence 
of  the  generalized  correlation  function  x{q)  on  the  size  4 
of  larger  boxes:  x(q)  =  ^.(/5/f  .x(4)7('/),  were  calculated 
by  a  double  logarithmic  least  squares  approximation. 

Such  a  technique  enables  a  quantitative  evaluation  of 
the  uniformity  (by  the  quantity  denoted  as  /  )  and 
degree  of  the  order  index  (by  the  quantity  denoted  as 
zlq  -  D\  -  Z)q)  of  the  structures  investigated.  The  larger 
the  Aq,  the  more  ordered  is  the  structure.  The  computa¬ 
tions  are  performed  using  the  MFRDrom  program 
developed  by  Vstovsky  [3].  In  our  case,  the  maximum 
value  of  q  was  100  and  a  number  of  the  canonical 
multi  fractal  spectra  was  38. 


3.  Results  and  discussion 

The  results  of  our  previous  AFM  and  EFM  investiga¬ 
tions  on  the  structural  and  electrical  properties  of  GaN 
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epitaxial  layers  showed  that  a  random  charge  distribu¬ 
tion  was  associated  with  the  mosaic  structure  [7].  The 
distribution  decreased  mobility  and  resulted  in  uncon¬ 
ventional  carrier  transfer  mechanism  similar  to  that 
observed  in  low-dimensional  structures.  The  introduc¬ 
tion  of  silicon  with  the  concentration  less  than  1018cm-3 
eliminated  the  charge  influence.  The  greatest  impact  was 
observed  for  the  II  Group  layers  (see  Table  1).  The 
charge  transfer  was  determined  by  a  classic  mechanism 
[7]  in  these  structures. 

Two  groups  of  layers  could  be  separated.  Group  I  and 
Group  II  are  characterized  by  strong  and  weak  effects  of 
the  mosaic  structure  on  the  charge  transfer,  respectively. 
The  Schottky  barriers  were  formed  on  the  surface  of 
both  groups  of  the  layers  in  one  process.  For  this 
purpose,  the  Ni/Au  contact  of  2  mm  diameter  was 
deposited  in  high  vacuum.  Ti/Al  layers  were  used  as  the 
ohmic  contact.  As  the  result,  the  Schottky  barrier  height 
was  lower  than  0.4  V  for  Group  I,  while  the  leakage 
current  of  Group  I  (Fig.  1,  curve  1)  was  several  orders  of 
magnitude  higher  than  that  of  Group  II.  The  Schottky 
barrier  height  of  Group  II  was  0.7-0.8V,  which  was 
closer  to  the  work  function  difference. 

The  photoconductivity  investigations  demonstrated 
that  the  persistent  photoconductivity  was  lacking  in 
Group  II,  while  it  was  high  in  Group  I  not  only  at  low 
temperatures,  but  at  room  temperature  as  well  [8]. 

These  results  demonstrated  at  a  qualitative  level  that 
the  mosaic  structure  peculiarities  played  an  important 
role  in  the  electrical  properties  of  the  layer  and  device 
parameters.  In  this  connection,  a  quantitative  character¬ 
ization  of  the  mosaic  structure  is  required  to  investigate 
the  influence  of  its  peculiarities  on  the  electrical  proper¬ 
ties  of  the  layers. 

However,  the  traditional  characterization  techniques 
do  not  allow  the  peculiarities  of  the  mosaic  structure  to 


Fig.  1.  Current-voltage  characteristics  of  the  Schottky  barrier 
photodetectors  based  on  GaN  at  reverse  bias  for  (1)  well  and  (2) 
poorly  organized  mosaic  structure. 
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Fig.  2.  Correlation  between  the  Renyi  dimensions  (or  the  self¬ 
organization  degree)  and  the  mobility  for  the  GaN  epitaxial 
layers. 
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Fig.  3.  Correlation  of  the  degree  of  order  index  A\  oo  and 
mobility  fi  at  room  temperature  for  GaN  epitaxial  layers. 


be  described  in  detail.  For  instance,  the  average  domain 
size  along  with  the  basic  axes  is  evaluated  with  X-ray 
diffraction  analysis.  Diagnostics  of  GaN  surface  topol¬ 
ogy  using  AFM  gives  only  qualitative  characteristics  of 
the  mosaic  structure. 

Only  in  Groups  I  and  II  with  a  high  difference  both  in 
mobility  and  in  average  domain  size  of  the  mosaic 
structure,  the  correlation  with  the  surface  structure 
peculiarities  was  observed.  In  Groups  III— VI,  no  direct 
association  of  the  surface  peculiarities  with  the  electrical 
and  volume  structure  properties  was  found. 

In  this  connection,  an  effort  was  made  to  describe  the 
mosaic  structure  peculiarities  applying  MFA  of  the 
AFM  data  for  all  non  layers.  A  direct  correlation 
between  mobility  and  multifractal  parameters  was 
established  (Figs.  2  and  3).  The  layers  of  Groups  II, 
III,  and  VI  possessed  similar  concentrations  of  carriers 
and  silicon,  but  differed  both  in  self-organization  degree 
and  in  the  disruption  degree  of  local  symmetry  for  the 
mosaic  structure.  From  a  temperature  dependence  of  the 
mobility  in  these  layers,  it  followed  that  scattering  on 


1144 


A.G.  Kolmakov  el  al.  /  Physica  B  SOS  310  (2001)  1141  1144 


7.K 

Fig.  4.  Temperature  dependence  of  mobility  for  Si-dopcd  GaN 
layers  with  different  Ax  (1)  Group  VI;  (2)  Group  III:  and  (3) 
Group  II. 


charge  centres  made  a  different  contribution  at  low 
temperatures  (Fig.  4).  The  linear  dependence  of  p  versus 
J>ion  and  A\  oo  is  reasonable,  because  the  carrier 
transport  mechanism  is  unconventional  (for  most  of 
the  layers,  the  temperature  dependence  of  conductivity 
corresponds  to  materials  with  localized  charge  defects  or 
to  low-dimensional  structures)  [7].  The  mechanism 
depends  on  the  probability  of  the  current  channel 
formation.  Therefore,  the  layers  with  a  higher  self¬ 
organization  level  of  the  mosaic  structure  (i.e.  with  a 
small  value  of  D\  no)  have  higher  mobility. 


4.  Conclusion 

The  important  role  of  the  mosaic  structure  peculia¬ 
rities  on  the  electrical  properties  of  the  layers  and  the 
device  parameters  was  demonstrated. 


New  quantitative  data:  the  self-organization  degree 
(D\  on)  and  the  disruption  of  local  symmetry  (A\  no)  of 
mosaic  structure  have  been  obtained  for  GaN  epitaxial 
layers  of  the  hexagonal  modification  using  the  MFA  of 
the  surface  structure. 

The  direct  correlation  between  mobility  of  carriers  in 
GaN  epitaxial  layers  and  D  mo  and  A  mo  parameters  of 
the  mosaic  structure  is  observed. 

The  MFA  is  a  new  approach  to  improve  the  proper¬ 
ties  of  Ill-nitride  layers. 


Acknowledgements 

The  authors  would  like  to  thank  the  Organizing 
Committee  of  the  21st  International  Conference  on 
Defects  in  Semiconductors  for  the  support,  in  allowing 
to  attend  at  the  Conference. 


References 

[1]  A.G.  Kolmakov.  et  al..  Surf.  Coat.  Technol.  72  (1995)  43. 

[2]  A.G.  Kolmakov.  G.V.  Vstovsky,  Mater.  Sci.  Technol.  15 
(1999)  705. 

[3]  G.V.  Vstovsky,  Found.  Phys.  27  (1997)  1413. 

[4]  G.V.  Vstovsky.  I.J.  Bunin.  J.  Adv.  Mater.  1  (1994)  230. 

[5]  W.V.  Lundin.  et  al..  Proceedings  of  the  Eighth  European 
Workshop  Mctalorganic  Vapor  Phase  Epitaxy  and  Related 
Growth  Techniques.  Prague,  1999,  p.  53. 

[6]  R.N.  Kyutt,  et  al.,  Phys.  Solid  State  41  (1999)  25. 

[7]  N.M.  Shmidt,  et  al..  Phys.  Stat.  Sol.  B  216  (1999)  581. 

[8]  N.M.  Shmidt,  et  al..  Proc.  SPIE  4340  (2000)  92. 


ELSEVIER 


Physica  B  308-310  (2001)  1145-1149 


www.elsevier.com/locate/physb 


The  strain  field  around  a  single  point  defect  in  semiconductors 
spatially  resolved  by  electric  field  modulation 
scanning  tunneling  spectro-microscopy 

Akira  Hida*,  Yutaka  Mera,  Koji  Maeda 

Department  of  Applied  Physics,  School  of  Engineering ,  The  University  of  Tokyo,  Bongo,  Bunkyo-ku,  Tokyo  113-8656,  Japan 


Abstract 

We  have  developed  a  novel  instrumentation  that  allows  us  to  image  with  a  nano-scale  resolution  the  strain  field 
localized  around  single  point  defects  in  semiconducting  crystals.  The  instrument  that  coupled  the  electric  field 
modulation  spectroscopy  with  the  scanning  tunneling  microscopy  was  applied  to  point  defects  in  low-temperature- 
grown  GaAs  (LT-GaAs)  epi-films.  The  strain  field  image  constructed  by  the  present  method  exhibited  features 
consistent  with  other  experimental  results.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Strain  field;  Energy  gap;  GaAs;  Scanning  tunneling  microscopy 


The  strain  field  around  a  defect  not  only  generally 
determines  the  elastic  interaction  between  the  defect  and 
other  defects/impurities  but  also  can  affect  the  electronic 
properties  of  the  crystal.  Particularly  in  semiconductors, 
the  defect  strain  field  modifies  the  local  electronic  band 
structure  inducing  significant  effects  on  physical  proper¬ 
ties  such  as  transport  and  confinement  of  carriers.  Also, 
since  the  knowledge  of  the  strain  field  provides  insights 
to  the  atomic  structure  of  the  defect,  the  study  of  the 
strain  field  around  defects  is  of  fundamental  importance 
in  the  research  of  defects. 

So  far,  the  most  conventional  techniques  that  allow  us 
to  investigate  the  strain  fields  around  defects  are  those 
based  on  diffraction  of  quantum  beams  such  as  X-rays 
and  electrons.  If  we  want  to  image  the  strain  field  in  real 
space,  the  transmission  electron  microscopy  (TEM)  has 
the  highest  spatial  resolution.  However,  the  TEM  is  not 
capable  of  imaging  the  strain  field  around  point  defects 
since  the  strain  field  damps  quickly  within  a  short 
distance  from  the  defects.  Hence,  the  development  of 
new  methodologies  has  been  desired. 

In  semiconducting  crystals,  the  elastic  strain  causes  a 
change  in  the  electronic  band  structures.  The  electric 
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field  modulation  spectroscopy  (EFMS)  is  a  variation  of 
the  modulation  spectroscopy  (see,  for  example,  Ref.  [1]) 
the  power  of  which  has  been  demonstrated  in  accurate 
measurements  of  electronic  band  structures  in  semicon¬ 
ductors.  The  principle  of  EFMS  is  based  on  the  fact  that 
the  application  of  an  electric  field  to  a  solid  induces  an 
oscillatory  change  in  the  optical  absorption  coefficient 
depending  on  the  photon  energy  (the  Frantz-Keldysh 
effect  [2]),  as  illustrated  in  Fig.  1(a).  The  EFMS  is 
superior  to  other  techniques  in  that  it  can  yield  spectra 
with  sharp  fine  structures,  even  in  measurements  at 
room  temperature,  each  representing  singularities  in 
optical  transitions  such  as  the  absorption  edge  (schema¬ 
tically  illustrated  in  Fig.  1(b)).  The  high  energy  resolu¬ 
tion  of  EFMS  is  thus  advantageous  for  detecting  small 
changes  in  the  electronic  band  structures  caused  by  the 
strain  fields  due  to  the  point  defects.  The  signal  detected 
in  the  conventional  EFMS  is  usually  a  change  in  the 
reflectivity  of  a  monochromatized  probe  light  illumi¬ 
nated  on  a  surface  of  a  macroscopic  sample  whose 
optical  absorption  coefficient  is  modulated  by  an  electric 
field  applied  to  the  sample  by  some  means.  Although, 
the  lateral  spatial  resolution  may  be  achieved  by 
reducing  the  beam  size  of  the  probe  light  [3],  it  cannot 
exceed  the  diffraction  limit  and  also  is  practically  limited 
by  the  signal-to-noise  (S/N)  ratio  inherent  in  the 
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£lg.  '  {a)  An  OSC5,iatory  change  in  the  optical  absorption  coefficient  a  depending  on  the  electric  field  E  applied  to  the  crystal  (Frantz- 
Keldysh  effect),  (b)  A  schematic  energy-derivative  spectrum  obtained  by  electric  field  modulation  spectroscopy.  The  bandgap  energy  is 
indicated  by  Es.  (c)  The  tunneling  current  in  STM  changes  with  the  surface  photo-voltage  that  is  modulated  bv  a  chopped  li*ht  with  a 
magnitude  responding  to  the  modulated  optical  absorption  coefficient  of  the  material. 


detection  of  the  small  change  in  the  reflecting  light 
intensity. 

Recently,  we  have  developed  a  new  instrumentation 
that  couples  scanning  tunneling  microscopy  (STM)  [4] 
with  the  EFMS  (STM-EFMS)  that  allows  us  to  image 
the  electronic  band  structures  with  a  nanometer-scale 
resolution  [5,6].  In  the  present  study,  we  applied  the 
STM-EFMS  to  low-temperature-grown  GaAs  (LT- 
GaAs)  epi-films  for  imaging  the  local  strain  field  around 
single  point  defects  in  the  crystal. 

Since  the  details  of  the  STM-EFMS  have  been  given 
in  a  previous  paper  [5],  we  only  describe  the  brief 
outline.  When  a  semiconducting  sample  is  illuminated 
with  a  light  whose  energy  exceeds  the  bandgap  of  the 
crystal,  a  surface  photo-voltage  (SPV)  is  induced  if  the 
surface  band  is  bent  to  some  extent  [9,10]  (see  Fig.  1(c)). 
In  an  STM,  the  surface  band  bending  may  be  induced 
locally  by  the  bias  voltage  applied  between  the  sample 
and  the  tip  (tip-induced  band  bending)  [7,8].  The 
magnitude  of  the  SPV,  that  induces  a  change  in  the 
tunneling  current,  is  determined  by  the  number  of 
photo-carriers  generated  by  the  light  illumination  or  by 
the  optical  absorption  coefficient  of  the  sample  in  the 
photon  energy  range  above  the  bandgap  (superband- 
gap).  Using  another  superbandgap  light  that  is  chopped, 
we  can  modulate  the  SPV  and  hence  the  electric  field  at 
the  surface.  Thus,  instead  of  the  light  reflectivity  in  the 
conventional  EFMS  [2],  we  could  measure  the  amplitude 
of  the  modulated-tunneling  current  as  the  EFMS  signal. 
The  use  of  the  STM  tunneling  current,  together  with  the 
localized  tip-induced  band  bending,  renders  the  extre¬ 
mely  high  spatial  resolution. 

The  experimental  setup  is  illustrated  in  Fig.  2.  A 
sample  placed  on  an  ultrahigh  vacuum  (UHV)  STM 
stage  (UNISOKU,  a  custom  model)  was  illuminated 
with  two  different  light  sources:  One  was  a  chopped  laser 
light  for  electric  field  modulation  and  another  was  a 


Scan 


Fig.  2.  A  schematic  diagram  of  the  experimental  setup.  The 
sample  placed  on  a  UHV-STM  stage  is  illuminated  with  two 
different  light  sources:  One  is  a  chopped  laser  beam 
(hv  —  l.52cV)  for  electric  field  modulation  and  another  is  a 
continuous  light  from  a  monochromator  for  spectroscopic 
measurements.  The  modulated  signal  of  the  tunneling  current  is 
detected  by  a  lock-in  amplifier  tuned  at  the  chopping  frequency 
to  obtain  an  energy-derivative  EFMS  spectrum  at  a  specific 
position  of  the  sample  and  an  EFMS  image  at  the  bandgap 
energy  reflecting  the  spatial  variation  of  the  bandgap  energy  in 
the  sample. 


continuous  light  from  a  monochromator  for  spectro¬ 
scopic  measurements.  The  chopping  frequency  was 
chosen  to  be  higher  than  1  kHz  so  that  the  current 
modulation  was  not  damped  by  the  STM  current 
feedback  control.  The  amplitude  of  the  tunneling 
current  (A/  signal)  was  detected  by  a  lock-in  amplifier 
tuned  at  the  chopping  frequency  as  a  function  of  the  tip 
position  /■,  the  photon  energy  hv  of  the  continuous  light 
and  the  sample  bias  voltage  Ks.  EFMS  spectra  at  given 
tip  positions  fj)  were  obtained  by  measuring  the 
A/(/*o,/?v,  Vs)  signal  with  a  fixed  bias  Ks  as  a  function 
of  the  photon  energy  hv-  Two-dimensional  maps  of  Al 
signal  (EFMS  images)  were  acquired  by  scanning  the  tip 
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Fig.  3.  (a)  An  occupied  state  and  (b)  an  unoccupied  state  STM  images  of  a  typical  point  defect,  assigned  to  an  isolated  As  antisite 
defect,  in  an  LT-GaAs  epi-film.  The  images  were  taken  at  Fs  =  —2.1  V  and  Vs  =  +2.3  V,  respectively,  (c)  An  original  EFMS  image  and 
(d)  the  strain  field  image  obtained  for  the  same  defect  after  the  corrections  described  in  the  text.  The  dark  contrast  around  the  defect  in 
the  strain  field  image  represents  a  compressive  strain.  The  strain  field  is  triangular  in  shape,  consistent  with  the  7^  symmetry  of  the 
isolated  antisite  As. 


at  a  given  photon  energy  and  a  given  bias  voltage.  Since 
the  A /  signal  changes  abruptly  across  the  bandgap 
energy,  if  we  fix  hv  at  a  value  close  to  the  bandgap  of  the 
sample,  the  positional  variation  of  the  bandgap  energy 
can  be  approximately  visualized  by  the  EFMS  image. 
STM  images  in  the  constant-current  mode  were  also 
recorded  to  compare  the  EFMS  images  with  the 
topographic  features. 

The  sample  we  used  was  an  undoped  LT-GaAs  film  of 
200  nm  thickness  grown  at  250°C  on  a  Si-doped  n-type 
GaAs  (001)  substrate  («~1018cm-3)  in  a  VG-SEMI- 
CON  VG80H  molecular  beam  epitaxy  (MBE)  system. 
X-ray  diffraction  measurements  indicated  that  the  LT- 
GaAs  epi-layer  expanded  normal  to  the  surface  by 
0.20%.  The  cross-sectional  (1  1  0)  surfaces  of  the  epi-film 
prepared  by  cleaving  in  the  UHV-STM  chamber  (the 
base  pressure  <2  x  10~8Pa)  were  examined  with  Pt-Ir 
tips  at  room  temperature.  Normally,  the  samples  were 
biased  at  +2.3V  with  respect  to  the  tip  in  order  to 
induce  an  upward  band  bending  in  the  GaAs  (110) 
cleavage  surface  that  is  otherwise  free  of  band  bending 


due  to  the  absence  of  surface  states  and  therefore  no 
SPV  is  expected  to  arise  [11].  The  mean  demand 
tunneling  current  (7t)  was  set  at  lOOpA. 

Fig.  3(a)  shows  an  STM  image  of  a  typical  point 
defect  in  LT-GaAs  epi-layers  observed  at  a  negative 
sample  bias  (Vs  =  -2.1  V).  The  characteristic  contrast  is 
in  agreement  with  that  reported  previously  [12]  as  an 
isolated  arsenic  antisite  defect  (Asoa)  embedded  in  a  few 
layers  of  GaAs  (110)  surface.  Figs.  3(b)  and  (c)  show  an 
STM  image  of  the  same  defect  as  recorded  above  with  a 
positive  sample  bias  (Ks  =  +2.3  V)  and  an  EFMS  image 
simultaneously  acquired  at  hv  =  1 .40  eV  which  corre¬ 
sponds  to  the  mean  bandgap  energy  of  the  LT-GaAs 
epi-film  at  room  temperature.  In  the  EFMS  image,  the 
defect  is  surrounded  by  a  dark  contrast,  whereas  no  such 
contrast  is  seen  in  the  normal  STM  image,  which 
indicates  that  the  dark  contrast  is  not  of  topographic 
origin. 

Precisely  speaking,  the  current  modulation  may  be 
caused  by  mechanisms  other  than  that  considered 
above.  This  is  demonstrated  by  Fig.  4  that  shows  a  set 
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of  EFMS  spectra  obtained  at  the  same  position  of  a 
sample  with  different  sample  biases.  While  the  char¬ 
acteristic  EFMS  spectrum  is  observed  at  a  sample  bias 
of  Ks  =  +3.0  V,  no  spectral  features  are  seen  at 
Vs  =  +1.8  V.  The  substantial  reduction  of  the  spectral 
variation  in  the  A /  signal  at  the  lower  bias  voltage  can  be 
understood  if  one  considers  that  decreasing  the  bias 
voltage  reduces  the  surface  band  bending  and  hence  the 
magnitude  of  the  SPV  necessary  for  electric 
field  modulation.  We  should  note,  however,  that  even 
if  the  spectroscopic  signal  dwindles  at  KS  =  +1.8V, 
some  magnitude  of  the  modulated  signal  still  remains, 
giving  the  constant  background  level  denoted  with  G  in 
Fig.  4.  Generally,  the  chopped  laser  illumination 
could  induce  the  thermal  expansion  of  the  STM  tip 
that  also  would  cause  a  modulation  in  the  tunneling 
current.  Although  the  modulation  of  the  tip-sample 
distance  due  to  the  thermal  expansion  of  the  tip  could 
be  reduced  by  increasing  the  chopping  frequency,  it 
could  not  be  removed  completely  at  1  kHz.  Therefore, 
the  residual  background  level  obtained  at  Vs  —  +1.8  V  is 


level  (G)  and  the  baseline  level  (B  in  Fig.  4)  of  the 
spectrum. 

Therefore,  in  order  to  obtain  the  image  that  represents 
with  fidelity  the  spatial  variation  of  the  bandgap  energy 
and  hence  the  strain  field,  we  have  to  remove  the 
contributions  of  the  above  origins  from  the  EFMS 
image.  The  correction  procedures  to  remove  the  thermal 
expansion  effect  and  the  possible  variation  of  SPV 
are  as  follows:  After  measuring  the  EFMS  image  or  the 
spatial  variation  of  A/(F,  hv  =  1.42  eV,  Vs  =  +2.3  V), 
we  measure  the  spatial  variations  of  the  intensity 
of  A/(r,  hv  =  1.55  eV,  Ks  =  +2.3  V)  and  A/(r,  hv  ~ 
1.55  eV,  KS  =  +1.8V)  in  the  same  area.  Since  the 
photon  energy  of  hv  -  1.55  eV  is  remote  from  the 
bandgap  energy,  A/(r,  hv  =  1.55  eV,  Fs  =  +2.3  V)  and 
A/(F,  hv  =  1.55eV,  Fs  =  +1.8  V)  represent  the  spatial 
variations  of  the  baseline  level  and  of  the  background 
level,  respectively.  As  the  spatial  variation  of  SPV  is 
given  by  A/(F,  hv  =  1.55  eV,  Vs  =  +2.3  V)  -  A/(F,  hv  = 
1 .55  eV,  Fs  =  + 1 .8  V),  the  spatial  map  of  the  energy  gap 
or  the  strain  field  that  we  want  is  obtained  by  calculating 


A /(r,  hv  =  1 .42  eV,  Vs  =  +2.5  V)  -  A /(?,  hv  =  1 .55  eV,  Vs  =  + 1 .8  V) 
A/(F,  hv  —  1.55 eV,  Ks  -  +2.5  V)  -  A/(r,  hv  =  1.55 eV,  Ks  =  +l.8V)’ 


considered  to  originate  in  the  thermal  expansion 
effect.  Another  factor  that  should  influence  the  A 1 
signal  is  the  magnitude  of  the  SPV  itself  that  may 
vary  spatially  as  reported  by  Hamers  et  al.  [8,9]. 
The  spectroscopic  component  of  the  A /  signal  in 
our  work  should  be  proportional  to  the  magnitude  of 
the  SPV  caused  by  the  laser  light  chopped  for  electric 
field  modulation.  The  magnitude  of  the  SPV  can  be 
evaluated  by  the  difference  between  the  background 


Photon  Energy  (eV) 


Fig.  4.  A  set  of  EFMS  spectra  obtained  at  the  same  position 
of  a  GaAs  sample  with  different  sample  biases.  The  character¬ 
istic  EFMS  spectrum  is  observed  at  a  sample  bias  of 
Vs  =  +3.0 V.  whereas  no  spectral  features  are  obtained  at 
Vs  =  + 1 .8  V.  The  background  level  denoted  by  G  is  con¬ 
sidered  to  be  due  to  the  illumination-induced  thermal  expansion 
of  the  tip.  The  difference  between  the  backgound  and  the 
baseline  of  the  EFMS  spectrum  is  considered  to  represent 
the  SPV  due  to  the  laser  light  chopped  for  electric  field 
modulation. 


Fig.  3(d)  shows  the  strain  field  image  obtained 
following  the  above  procedures.  The  contrasts  in  the 
image  should  represent  the  variation  of  the  bandgap 
energy.  The  dark  contrasts  indicate  that  the  bandgap 
energy  is  larger  than  the  surrounding,  which  means  that 
the  crystal  near  the  defect  is  compressed  elastically.  This 
fact  is  quite  consistent  with  the  macroscopic  expansive 
strain  in  the  epi-films  detected  by  the  X-ray  diffraction 
measurements.  The  dark  contrast  due  to  the  strain  field 
has  a  triangular  shape  with  the  mirror  symmetry  axis 
along  the  [Oil]  direction,  consistent  with  the  symmetry 
of  the  defect  contrast  shown  in  the  STM  image 
(Fig.  3(a)).  The  mirror  symmetry  is  also  consistent  with 
the  T, i  symmetry  of  the  isolated  AsGa  that  is  usually 
assumed. 
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Abstract 


The  hardness  of  single  crystals  a-SiC.  AIN,  GaN,  ZnO  and  ZnSe  at  elevated  temperatures  was  measured  by  the 
Vickers  indentation  method  in  the  temperature  range  20-1400  C.  The  hardness  of  SiC,  AIN,  GaN,  ZnO  and  ZnSe  is 
about  25.  18.  11.5  and  I  GPa.  respectively,  at  room  temperature.  SiC,  AIN  and  GaN  show  a  decrease  in  hardness, 
originating  in  the  beginning  of  macroscopic  dislocation  motion  and  plastic  deformation,  only  at  temperature  1200T. 
A  high  thermo-mechanical  stability  for  SiC,  GaN  and  AIN  is  deduced,  (o  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Wide  bandgap  semiconductors;  Hardness:  Thcrmo-mcchanical  stability 


1.  Introduction 

Silicon  carbide  (SiC),  aluminum  nitride  (AIN),  gal¬ 
lium  nitride  (GaN),  zinc  oxide  (ZnO)  and  zinc  selenide 
(ZnSe)  appear  promising  as  wide-bandgap  semiconduc¬ 
tors  for  application  as  high  power/high-frequency 
devices,  blue-  and  ultraviolet  light-emitting-devices/ 
photo  detectors  and  chemically  stable  substrates  for 
epitaxial  growth  of  various  materials.  Additionally, 
these  materials  are  supposed  to  be  thermo-mechanically 
stable  and  available  at  elevated  temperatures  except 
ZnSe.  However,  up  to  now,  extremely  little  is  known 
about  the  mechanical  properties  of  these  materials  on 
microhardness  only  at  room  temperature.  Information 
on  the  mechanical  strength  of  materials  at  elevated 
temperatures  is  essential  as  a  basis  in  order  to  control 
the  dislocation  generation  and  plastic  deformation 
during  crystal  growth  and  device  processing,  and  in 
utilizing  the  potential  optical  and  electronic  properties 
of  the  materials.  The  difficulty  of  the  preparation  of  bulk 
crystals,  especially  GaN  and  AIN,  is  a  limiting  factor  in 
obtaining  this  information.  Recently  thick  films  of  GaN 
and  AIN  have  been  successfully  grown  by  using  a 
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hydride  vapor  phase  epitaxy  (HVPE)  technique  [1,2]. 
These  crystals  can  be  regarded  as  bulk  materials.  The 
author’s  group  has  reported  the  hardness,  which  is  a 
material  parameter  indicating  resistance  to  plastic 
deformation,  in  the  bulk  single  crystals  GaN  and  AIN 
at  elevated  temperatures  [3-5]. 

This  paper  reports  the  hardness  of  the  wide-bandgap 
semiconductors  SiC.  GaN,  AIN,  ZnO  and  ZnSe  at 
elevated  temperatures  in  comparison  with  those  of  other 
materials  Si,  GaAs,  GaP  and  a-sapphire. 

2.  Experiments 

The  hardness  of  single  crystals  oc-SiC.  GaN,  AIN, 
ZnO  and  ZnSe  of  0.5  mm  thickness  at  elevated 
temperatures  was  measured  by  the  Vickers  indentation 
method  in  the  temperature  range  20-1400'C.  Here, 
GaN  and  AIN  single  crystals  were  prepared  from 
high-quality  thick  film  grown  on  substrates  by  the 
HVPE  technique,  the  details  of  which  were  described 
elsewhere  [1,2], 

Hardness  measurements  on  the  crystals  were  carried 
out  by  the  conventional  Vickers  indentation  method 
using  a  pyramidal  diamond  indenter.  The  applied 
indentation  load  P  was  0.5-5  N.  The  dwell  time  was 
30  s  for  every  temperature  tested  in  the  range  from  room 
temperature  (RT)  to  1400X. 
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3.  Results  and  discussion 

At  room  temperature,  the  indentations  formed  on  the 
basal  plane  surfaces  of  the  GaN  and  AIN  crystals 
sometimes  exhibited  fracture  characteristics  for  brittle 
materials  with  radial  cracks  propagating  from  the 
impression  corners  under  an  applied  load  of  more  than 
2N. 

Hardness  Hv  was  estimated  from  the  load  P  and 
diagonal  lengths  2a ,  measured  by  optical  microscopy,  of 
the  impression  using  the  following  relation: 

Hv  =  P/(2a2).  (1) 

The  fracture  toughness  Kc  was  also  determined  from  the 
radial  crack  length  c : 

Kc  =  i(E/Hv)'/2(P/c 3'2),  (2) 

where  E  is  Young’s  modulus  and  {  is  a  calibration 
constant  (  =  0.016)  for  brittle  materials. 

The  hardness  is  almost  comparable  for  the  (0001)/ 
(111)  and  (0  0  0  I)/(T  1 1)  polar  surfaces  of  the  crystals 
with  the  hcp-/cubic-based  structure  at  all  temperatures 
investigated.  At  RT,  the  hardness  of  GaN  is  10.8  GPa, 
about  twice  and  ten  times  the  value  of  GaAs  and  ZnSe, 
respectively,  which  is  similar  to  12  and  12.3  GPa  given 
by  Drory  et  al.  [6]  and  Hong  et  al.  [7],  respectively.  The 
hardness  of  AIN  at  RT  is  17.7  GPa.  The  fracture 
toughness  of  GaN  is  measured  to  be  1.1  MPa  m 1/2  using 
Eq.  (2)  with  E  =  295  GPa  [8].  The  fracture  toughness  of 
AIN  is  0.4 MPa m 1/2  using  Ex. 308  GPa  [9].  Table  1 
summarizes  the  hardness  and  fracture  toughness  of 
various  materials  at  RT  [3-5,10-13].  As  is  evident  in  the 
table,  AIN  is  harder  than  GaN  and  softer  than  SiC  and 
a-Al203  [13].  ZnO  is  much  softer  than  such  materials. 
The  result  suggests  that  the  hardness  of  semiconductors 
seems  to  be  related  to  the  bonding  distance  [15], 
dependent  on  the  group  of  semiconductors,  the  ele¬ 
mental  and  IV-IV,  III-V,  and  II-VI  compound. 


•  a-SiC 
▼  AIN 
a  GaN 

♦  ZnO 
■  ZnSe 
a  Si 

□  GaP 
o  GaAs 
O  a-Al203 


Fig.  1.  Vickers  hardness  of  bulk  single-crystals  a-SiC,  AIN, 
GaN,  ZnO  and  ZnSe  plotted  against  reciprocal  temperature, 
with  an  applied  load  of  0.5  N  and  dwell  time  of  30  s,  together 
with  those  of  Si,  GaP,  GaAs  and  a-Al203.  The  hardness  of  a- 
A1203  obtained  with  an  applied  load  of  2  N  and  dwell  time  of 
15  s  is  superimposed  [13]. 


Fig.  1  shows  the  hardness  Hv  of  SiC,  GaN,  AIN,  ZnO 
and  ZnSe,  obtained  with  an  applied  load  of  0.5  N  and 
dwell  time  of  30  s,  plotted  against  reciprocal  temperature 
together  with  the  values  for  Si,  GaP,  GaAs  and  a-Al203. 

In  the  whole  temperature  range  investigated,  the 
hardness  of  SiC,  GaN,  AIN  and  ZnO  exhibits  a  gradual 
decrease  from  RT  to  around  600°C,  then  something 
resembling  a  plateau  in  the  range  to  around  1000°C,  and 
subsequently  a  steep  decrease.  This  temperature-depen- 
dent  tendency  is  common  in  semiconductors  and 
sapphire,  which  have  the  hep-based  structure,  although 
the  temperature  range  and  hardness  magnitudes  of  SiC 
or  a-Al203  are  higher  than  that  of  AIN  and  GaN.  The 
plateau  may  appear  in  relation  to  the  operation  of 
different  slip  systems  in  the  crystal  structure.  It  is  found 
that  in  the  whole  temperature  range  investigated,  the 
hardness  magnitudes  of  ZnO  are  smaller  than  those  of 
SiC,  AIN  and  GaN. 


Table  1 


Vickers  hardness  and  fracture  toughness  for  a-SiC,  GaN,  AIN  and  other  materials  at  room  temperature  or  300°C  [3-5,10-13]  with  an 
applied  load  0.5  N  and  dwell  time  30  s  together  with  bonding  distance  [14] 

Material 

Hardness  (GPa) 

Fracture  toughness  (MPam1/2) 

Bonding  distance  (A) 

a-SiC  (0001) 

22.9U 

3.3  (Ref.  [10]) 

1.88 

GaN  (0001) 

10.2  (Ref.  [3]) 

1.1  (Ref.  [4]) 

1.96 

AIN  (0001) 

17.7  (Ref.  [5]) 

0.4  (Ref.  [5]) 

1.92 

ZnO  (0001) 

4.7 

1.80 

ZnSe  (1  1  1) 

1.1 

0.9  (Ref.  [10]) 

2.45 

Si  (1 1 1) 

12.0 

0.7  (Ref.  [10]) 

2.35 

GaP  (1  1 1) 

7.73 

0.65  (Ref.  [12]) 

2.36 

GaAs  (1  1 1) 

6.8 

0.4  (Ref.  [11]) 

2.45 

a-Al203  (0001) 

28b  (Ref.  [13]) 

2.5  (Ref.  [10]) 

1.92 

aAt  300°C. 

bWith  an  applied  load  2N  and  dwell  time  15s  [12]. 
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At  low  temperature  regions,  the  hardness  of  GaN  and 
AIN  is  comparable  to,  or  a  little  lower  than,  that  of  Si, 
though  the  hardness  of  Si  may  be  affected  by  the  phase 
transformation  that  occurs  at  a  pressure  of  about 
11.3GPa  beneath  the  indentor.  It  is  surprising  that  up 
to  about  1  lOO'C.  GaN  and  AIN  maintain  their  hardness 
and  are  harder  than  Si.  Indeed,  Si  and  GaAs  exhibit  a 
steep  decrease  in  hardness  from  500  C  and  200  C, 
respectively,  with  an  increase  in  the  temperature,  which 
indicates  the  beginning  of  macroscopic  dislocation 
motion  and  plastic  deformation.  The  present  results 
indicate  that  this  macroscopic  dislocation  motion  and 
plastic  deformation  of  SiC,  GaN  and  AIN  may  start  at 
around  1100  C.  Over  the  whole  temperature  range 
investigated,  ZnSe  is  known  to  be  most  unstable 
thermo-mechanically  in  the  materials. 

From  the  results  it  is  found  that  SiC.  GaN  and  AIN 
are  of  higher  thermo-mechanical  stability  against 
deformation  during  device  processing  at  elevated  tem¬ 
peratures  as  compared  with  Si,  GaP,  GaAs,  ZnSe  and 
possibly  other  III-V  and  II— VI  compounds  with  the 
sphalerite  structure.  A  more  complete  physical  study  of 
hardness  in  order  to  derive  the  dynamic  properties  of 
dislocations  is  still  lacking  in  the  absence  of  sufficient 
theory  and  is  a  task  in  the  future.  However,  we  assume 
that  the  present  data  provide  a  useful  indication  of 
material  strength  at  elevated  temperatures.  Further 
work  should  be  required  to  determine  the  dislocation 
mobility,  especially,  in  GaN  and  AIN  bulk  crystals 
under  a  defined  stress  distribution. 


4.  Summary 

The  Vickers  hardness  for  wide-bandgap  semiconduc¬ 
tors  a-SiC.  AIN.  GaN.  ZnO  and  ZnSe  of  0.5  mm 
thickness  was  compared  in  the  temperature  range  20- 
1400  C.  The  hardness  of  SiC,  AIN,  GaN.  ZnO  and  ZnSe 
is  about  25,  18,  11,  5  and  1  GPa,  respectively,  at  room 
temperature.  SiC.  AIN  and  GaN  show  a  decrease  in 
hardness,  originating  in  the  beginning  of  macroscopic 
dislocation  motion  and  plastic  deformation,  only  at 
temperature  1200'C.  The  results  imply  that  these 
crystals  have  a  smaller  susceptibility  to  deformation 
during  device  processing  at  high  temperatures  as 
compared  with  ZnO.  Si.  GaP,  GaAs  and  ZnSe. 
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Abstract 

A  capacitance  X-ray  absorption  fine  structure  (XAFS)  method  using  a  scanning  probe  is  developed  for  the  selective 
analysis  of  surface  defects  in  selected  local  regions.  Since  capacitance  is  sensitive  to  localized  electrons  in  defects, 
capacitance  change  owing  to  X-ray  absorption  will  provide  site-selective  XAFS  spectra  of  the  defects.  The  capacitance 
detection  by  the  scanning  probe  under  an  X-ray  beam  gives  XAFS  spectra  dependent  on  the  surface  state.  An  electron 
transition  model,  in  which  the  surface  density  of  states  is  taken  into  account,  reproduces  the  spectral  shape  differences 
between  the  normal  surface  and  defect  surface.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Surface  defects;  Site-selectivity;  Capacitance  XAFS;  Scanning  probe 


1.  Introduction 

The  progress  in  electronics  technology  over  the  last 
several  decades  has  mainly  been  based  on  the  integration 
of  semiconductor  devices.  Various  efforts  have  been 
made  toward  forming  superior  microstructures,  with  the 
present  result  being  ~nm  order  devices  by  the  recent 
semiconductor  fabrication  techniques.  In  these  small 
structures,  the  atomic  coordination  of  the  defects  in  the 
electrically  active  regions  determines  the  device  perfor¬ 
mance.  This  fact  indicates  the  need  for  methods  to 
structurally  analyze  defects  in  selected  ~nm  regions; 
One  of  the  ultimate  objectives  of  the  defect  analysis  is 
defect  structure  mapping  on  semiconductor  surfaces. 

In  recent  years,  we  proposed  a  capacitance  X-ray 
absorption  fine  structure  (XAFS)  method  that  obtains 
absorption  spectra  by  the  X-ray  photon  energy  depen¬ 
dence  of  the  capacitance  [1,2].  Since  the  capacitance  is 
sensitive  to  localized  electrons  in  defects,  the  photo¬ 
ionization  of  the  defects  owing  to  X-ray  inner-shell 
absorption  changes  the  capacitance,  resulting  in  site- 
selective  X-ray  absorption  spectra  of  the  defects. 
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Generally  speaking,  the  XAFS  denotes  spectral  signal 
oscillations  over  the  energy  range  of  ~  1  keV  from  the 
inner-shell  absorption  edge,  and  its  Fourier  transforma¬ 
tion  provides  structural  information,  such  as  the  bond 
length  with  a  neighboring  atom  and  the  coordination 
number  of  a  specific  atom  selected  by  the  X-ray  photon 
energy  [3].  Moreover,  the  density  of  unoccupied  states 
above  the  Fermi  energy  can  also  be  estimated  from  the 
near  edge  absorption  spectrum  [4].  Therefore,  the 
capacitance  XAFS  method  can  provide  a  microscopic 
local  structure  and  the  electronic  states  of  only  the 
defects,  owing  to  its  site-selectivity. 

In  this  paper,  a  capacitance  XAFS  method  using  a 
scanning  probe  is  developed  with  the  aim  of  achieving  the 
defect  structure  mapping  on  the  semiconductor  surface. 
By  capacitance  detection  in  selected  local  areas,  XAFS 
spectra  correlated  with  surface  states  can  be  observed. 


2.  Experimental  details 

Fig.  1  schematically  shows  the  experimental  appara¬ 
tus  developed  in  this  study.  A  mechanically  sharpened 
Ta  with  a  purity  of  99.95%  is  used  as  the  scanning 
probe.  A  point  contact  of  the  Ta  tip  with  a  sample 
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Fig.  1  Experimental  setup  in  this  study. 


semiconductor  surface  makes  a  metal-oxide-semicon¬ 
ductor  (MOS)  diode  structure  owing  to  the  native  oxide 
on  the  semiconductor  surface.  The  MOS  diode  structure 
has  the  capacitance-bias  voltage  (C-V)  characteristics 
schematically  shown  by  the  solid  line  in  the  inset  of 
Fig.  1.  The  X-ray  irradiated  into  this  MOS  diode 
induces  the  photoionization  of  the  surface  defects,  and 
the  release  of  localized  electrons  increases  free  carriers 
by  A A\j .  The  AA^  slightly  shifts  the  C-V  characteristics 
horizontally  along  the  voltage  axis  as  shown  by  the 
dashed  line,  resulting  in  capacitance  changes  of  AC  at 
the  specific  bias  voltage  of  Fb.  In  our  system,  the 
capacitance  of  the  MOS  diode.  C,  is  measured  by  a 
capacitance  sensor  for  a  videodisc  [5].  For  the  sensitive 
detection  of  AC,  a  lock-in  amplification  technique  with 
Vb  modulation  is  used;  the  capacitance  XAFS  signal  is 
observed  by  derivative  of  C  at  Vh  (dC/dF),-  ,  rather 
than  the  absolute  C.  The  Fb  modulation  amplitude, 
Fmod,  and  modulation  frequency,/,  are  fixed  at  500  mV 
and  131  Hz,  respectively. 

The  sample  used  in  this  study  is  Sn-doped  (100) 
oriented  GaAs  (GaAs:Sn).  The  Sn  density  is  1  x  1017/ 
enr .  A  part  of  the  sample  surface  is  scratched  to  intro¬ 
duce  the  surface  defects  owing  to  crystal  disorder.  The 
sample  is  mounted  on  a  scanning  stage.  The  substrate 
temperature  is  kept  at  room  temperature.  Synchrotron 
radiation  (SR)  is  used  as  the  X-ray  source  for  the  XAFS 
measurements.  The  beamline  for  our  SR  experiments  is 
the  BL10XU  High  Brilliance  XAFS  station  [6]  at 
SPring-8,  located  in  Hyogo  Prefecture,  Japan. 

3.  Results  and  discussions 

3.1.  Electrical  properties  of  the  sample 

Fig.  2  shows  local  C-V  characteristics  obtained  by  the 
Ta  probe  in  (a)  a  normal  (as  prepared)  surface  area  and 


Fig.  2.  C-V  characteristics  of  (a)  normal  and  (b)  defect  areas. 


(b)  a  defect  surface  area.  The  solid  circles  in  (a)  indicate 
the  (dC/d  F),-h  signal  in  the  normal  area.  The 
(dC/dF),-  has  almost  symmetrical  characteristics  with 
the  maximum  intensity  at  Fb~0V.  The  ordinary  C-V 
characteristics  derived  from  the  integration  of 
(dC/d  F),-  are  also  plotted  in  this  figure  by  the  open 
circles.  As  shown  in  this  figure,  C-V  characteristics  with 
the  capacitance  saturations  at  high  and  low  Fb  values 
can  be  obtained.  The  characteristics  intrinsic  to  the 
MOS  capacitor  indicate  the  local  formation  of  the  MOS 
diode  structure  by  the  Ta  point  contact. 

In  contrast,  the  (dC/dF),.  signal  in  the  defect  area 
denotes  asymmetric  characteristics  (solid  squares  in  (b)), 
and  the  signal  intensity  is  smaller  than  that  in  the  normal 
area.  Because  of  these  properties,  the  C-V  character¬ 
istics  have  a  gentle  curve  and  a  small  C  at  a  high  Fb 
(open  squares).  This  property  of  the  defect  area  is 
consistent  with  the  general  fact  that  electron  localized  at 
the  surface  defects  terminate  the  electric  field  in  the 
MOS  capacitor,  resulting  in  a  C  reduction. 

3.2.  Capacitance  XAFS  measurements  using  scanning 
probe 

In  order  to  correlate  the  electric  properties  shown  in 
Fig.  2  with  the  X-ray  absorption  spectrum  of  the  defects, 
capacitance  XAFS  measurements  using  this  Ta  probe 
are  performed.  Fig.  3  shows  the  capacitance  XAFS 
spectra  of  (a)  the  normal  area  and  (b)  defect  surface 


M.  Ishii  l  Physica  B  308-310  (2001)  1153-1156 


1155 


10.36  10.38  10.4  10.42  10.44 

Photon  energy  (keV) 


Fig.  3.  Capacitance  XAFS  spectra  of  (a)  normal  and  (b)  defect 
areas. 


area.  In  this  experiment,  Kb  was  fixed  at  0  V.  As  shown 
in  this  figure,  the  edge  jumps  at  the  Ga  K-edge 
(10.375  keV),  the  resonant  absorption  peaks  denoted 
by  a  and  /?,  and  the  following  XAFS  oscillations  in  the 
high  energy  region  can  clearly  be  observed.  From  a 
comparison  between  (a)  and  (b),  we  recognized  that  the 
spectrum  shape  depends  on  the  surface  state.  According 
to  the  concept  of  the  capacitance  XAFS  method,  the 
spectrum  differences  in  (1)  the  edge  jumps  and  (2)  the 
resonant  peaks  can  be  explained  as  follows. 

(1)  The  actual  edge  jump  minus  the  resonant  peaks  for 
the  normal  surface  (/N)  is  higher  than  that  for  the  defect 
surface  (/D).  As  described  in  Fig.  1,  the  capacitance 
XAFS  signal  is  obtained  by  the  photoionization  of  the 
defects.  Assuming  that  the  photoionization  produces 
almost  the  same  AAd  for  both  areas,  it  is  easily 
predictable  from  the  inset  of  Fig.  1  that  the  gentle  C-V 
characteristics  curve  yields  a  small  AC.  In  fact,  the  defect 
surface  has  a  gentle  C-V  characteristics  curve  as  shown 
in  Fig.  2,  indicating  that  7d</n  in  Fig.  3  is  consistent 
with  this  photoionization  model  in  the  capacitance 
XAFS  method. 

(2)  The  resonant  peaks  of  a  and  /?  for  the  normal 
surface  are  more  intense  and  sharper  than  those  for  the 
defect  surface.  Fig.  4  indicates  the  band  diagram  of  the 
photoionization  process  in  the  capacitance  XAFS 
measurement.  Under  X-ray  irradiation,  localized  elec¬ 
trons  are  relaxed  into  core-holes  formed  by  the  inner- 
shell  excitation  of  the  defects.  The  excitation  and 
following  relaxation  are  identical  to  a  de-localization 
of  the  electrons  by  A  Ad,  resulting  in  AC.  In  the  normal 
surface  area,  since  the  dangling  bonds  on  the  GaAs :  Sn 
surface  are  relatively  uniform,  the  surface  density  of 
states  (SDOS)  is  condensed  in  a  narrow  energy  range 
as  illustrated  in  Fig.  4(a).  The  de-localization  of  the 
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Fig.  4.  Band  diagrams  of  (a)  normal  and  (b)  defect  areas. 
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Fig.  5.  Comparison  between  spatial  resolution  and  probe  size. 


electrons  from  the  condensed  level  is  resonantly  induced 
at  the  specific  photon  energy,  resulting  in  the  intense  and 
sharp  absorption  peak.  On  the  other  hand,  the  defect 
area  with  various  atomic  coordinations  forms  a  broad 
SDOS  as  shown  in  Fig.  4(b).  In  this  situation,  since  the 
electrons  are  dispersively  trapped  in  the  energy  range  of 
A E,  the  resonant  absorption  becomes  broader. 

3.3.  Spatial  resolution 

To  discuss  the  spatial  resolution  of  this  method, 
(dC/dK)Fb  during  a  one-dimensional  scan  is  plotted  by 
the  open  circles  in  Fig.  5.  At  this  boundary  of  a  defect 
area  and  a  normal  area,  the  variation  of  (dC/dK)Fb  can 
be  observed.  The  position  derivative  of  (dC/dK)Fb  is 
also  indicated  by  the  solid  circles  in  this  figure.  From  the 
full-width  at  half-maximum  (FWHM)  of  the  derivative, 
the  spatial  resolution  can  be  estimated  as  ~  210  pm.  On 
the  other  hand,  the  diameter  of  the  Ta  probe  is  ~230  pm 
as  shown  in  the  inset  of  this  figure.  This  Ta  diameter 
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comparable  to  the  FWHM  indicates  that  the  spatial 
resolution  of  this  method  is  limited  by  the  probe  size  at 
this  time. 


4.  Summary 

A  capacitance  XAFS  method  using  a  scanning  probe 
is  proposed  for  defect  structure  mapping  on  a  semi¬ 
conductor  surface.  Since  capacitance  is  sensitive  to 
localized  electrons  in  defects,  the  photon  energy 
dependence  of  the  capacitance  provides  site-selective 
XAFS  spectra  of  the  defects.  The  capacitance  XAFS 
spectra  dependent  on  the  surface  states  are  successfully 
obtained  by  using  the  Ta  scanning  probe;  Since  the 
electrons  on  the  defect  surface  are  dispersively  trapped 
over  a  wide  energy  range,  the  resonant  peak  at  the  X-ray 


absorption  edge  becomes  broader.  We  showed  that  a 
spatial  resolution  of  ~  210  pm  is  limited  by  the  scanning 
probe  diameter. 
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Abstract 

Positron  annihilation  spectroscopies  are  methods  for  direct  identification  of  vacancy-type  defects  by  measuring 
positron  lifetime  and  Doppler  broadening  of  annihilation  radiation  and  providing  information  about  open  volume, 
concentration  and  atoms  surrounding  the  defect.  Both  these  techniques  are  easily  applied  to  bulk  samples.  Only  the 
Doppler  broadening  spectroscopy  can  be  employed  in  thin  epitaxial  samples  by  utilizing  low-energy  positron  beams. 
Here  we  describe  the  positron  lifetime  beam  which  will  provide  us  with  a  method  to  measure  lifetime  in  thin 
semiconductor  layers.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Positron  spectroscopy;  Vacancies;  Instrumentation;  Epilayers 


1.  Introduction 

Positron  spectroscopy  is  a  method  for  direct  identi¬ 
fication  of  vacancy  defects  [1].  It  is  based  on  monitoring 
the  511  keV  annihilation  radiation  emitted  when  ther- 
malized  positrons  annihilate  in  solids  with  electrons. 
Positrons  get  trapped  at  neutral  and  negative  vacancies 
because  of  the  missing  positive  charge  of  the  ion  cores. 
At  vacancies,  the  positron  lifetime  increases  and 
positron-electron  momentum  distribution  narrows  due 
to  reduced  electron  density. 

The  spectroscopy  gives  information  on  vacancies  at 
concentrations  1015— 1019  cm-3.  Positron  lifetime  is  a 
direct  measure  of  the  open  volume  of  a  defect.  The 
Doppler  broadening  of  the  511  keV  radiation  gives  the 
momentum  distribution  of  annihilating  electrons  pv(p). 
The  core  electron  momentum  distribution  can  be  used  to 
identify  the  sublattice  and  impurity  surroundings  of  a 
vacancy.  In  addition,  under  varying  temperature  and 
illumination,  the  positron  spectroscopy  can  yield  in¬ 
formation  on  charge  states,  optical  transitions  and 
thermal  stabilities  of  vacancy  defects. 
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The  lifetime  and  Doppler  broadening  are  easily 
applied  to  bulk  samples.  Thin  epitaxial  semiconductor 
layers  can  also  be  studied  by  Doppler  broadening 
spectroscopy  using  a  positron  beam.  However,  positron 
lifetime  spectroscopy,  which  is  essential  for  obtaining 
the  open  volume  of  the  defect,  has  been  mainly  limited 
to  bulk  samples  although  some  lifetime  beams  have  been 
constructed  [3,4].  The  purpose  of  this  work  is  to  describe 
the  need  for  a  pulsed  positron  lifetime  beam  designed  for 
the  semiconductor  studies.  In  Section  2,  we  discuss  the 
conventional  positron  techniques.  Section  3  describes 
the  principle  of  the  lifetime  beam  and  Section  4 
concludes  this  work. 


2.  Methods  and  background 

In  conventional  positron  lifetime  spectroscopy  (see 
Fig.  1),  positron  lifetime  is  defined  as  a  time  difference  of 
gamma  emitted  in  p+  decay  and  the  gamma  emitted 
when  electron-positron  pair  annihilates.  The  positron 
lifetime  spectrum  is  composed  of  exponential  decay 
components  with  intensities  /,  and  lifetimes  i;  as 
The  different  exponential  components  are 
associated  to  annihilations  at  different  positron  states 
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Lifetime 


Fig.  1.  The  principle  of  positron  experiment.  Sources  and 
measurable  quantities. 


Fig.  2.  Positron  lifetime  spectra  from  two  different  GaN  bulk 
samples.  In  the  highly  Mg-dopcd  sample  (white  circles)  only 
one  lifetime  component  165  ps  is  present.  In  an  undopcd  n-typc 
sample  a  longer  lifetime  component  of  235  ps  is  present  due  to 
vacancies  [2]. 


(bulk  vs.  vacancy).  This  spectrum  can  be  relatively  easily 
decomposed  and  the  individual  lifetimes  and  their 
intensities  can  be  extracted. 

As  an  example  in  Fig.  2,  two  different  lifetime  spectra 
from  undoped  and  highly  Mg-doped  GaN  bulk  samples 
are  shown.  In  the  highly  Mg-doped  sample  only  one 
lifetime  component.  165+1  ps  can  be  observed.  How¬ 
ever,  in  an  undoped  sample  a  second  lifetime  component 
is  present  with  a  time  of  235  +  5  ps.  This  second 
component  is  due  to  Ga  vacancies  existing  as  native 
defects  in  n-type  GaN.  The  intensity  of  the  second 
component  provides  an  estimate  of  vacancy  concentra¬ 
tion  (101y  cm”3  in  this  case). 


The  average  lifetime  rav  is  defined  as  the  center  of 
mass  of  the  lifetime  spectrum, 

*av  =  (1  “  l/y)T B  +  Ih'TY  =  CM.,  (1) 

where  >/v  is  the  fraction  of  the  positrons  annihilating  in 
the  vacancies  and  tB  is  the  bulk  lifetime.  It  should  be 
noted  that  rav  is  a  statistically  accurate  parameter  and 
changes  below  1  ps  can  be  measured. 

In  Doppler  broadening  experiments,  the  momentum 
distribution  of  the  annihilating  electrons  is  recorded  by 
measuring  the  Doppler  shift  A E  of  the  annihilation 
radiation  with  Ge-detector.  The  momentum  distribution 
p(p) can  be  characterized  by  integrated  S-  and  W- 
parameters  shown  in  Fig.  3.  The  measured  momentum 
distribution  p(  p)  is  composed  of  the  superimposed 
distributions  from  annihilations  in  vacancies  px{  p)  and 
in  bulk  pB( p)  as  shown  in  Eq.  (2), 

p(p)  =  (1  -  >lv)p B(  P)  +  1\  P\'(  P)  (2) 

Very  often  this  cannot  be  decomposed  on  its  own. 
However,  the  decomposition  is  possible,  if  the  annihila¬ 
tion  fraction  i/v  and  the  bulk  momentum  distribution 
pB( p),  determined  by  measuring  a  defect-free  reference 
sample,  is  known. 

In  practice,  the  identification  of  the  vacancies  is  based 
on  measuring  both  ry  and  pv(  /;).  Ty  is  obtained  from  the 
decomposition  of  the  lifetime  spectra  and  it  can  be  used 
to  determine  px{p)  (Eqs.  (1)  and  (2)).  This  means  that 
lifetime  is  normally  needed  for  identification  of  vacan¬ 
cies.  Furthermore,  positron  lifetime  spectroscopy  is 
approximately  ten  times  more  sensitive  to  defects  than 
Doppler  broadening  spectroscopy. 

The  fast  positrons  emitted  directly  from  22Na  source 
have  continuous  energy  range  from  0  up  to  540  keV  and 


Fig.  3.  Area  normalized  momentum  distribution  of  annihilat¬ 
ing  electrons  measured  in  Doppler  broadening  experiment.  The 
S-  and  IF-parameters,  which  arc  commonly  used  to  describe  the 
line  shape,  arc  defined  as  integrals  over  the  shaded  areas. 
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a  wide  implantation  profile  ranging  up  to  100  pm.  In  the 
conventional  lifetime  experiment  bulk  samples  with 
dimensions  of  5  mm  x  5  mm  and  thicknesses  >  100  pm 
are  thus  needed. 

Slow  positrons  are  obtained  from  22Na  source  by 
thermalizing  the  fast  positrons  in  a  moderator  crystal 
(e.g.  single  crystalline  W  foil).  The  thermal  positrons 
emitted  from  the  surface  of  the  moderator  (energies  less 
than  1  eV)  are  accelerated  in  an  electric  field  up  to 
100  keV  in  order  to  study  layers  with  thicknesses  of 
0-5  pm. 

Both  lifetime  and  Doppler  broadening  measurements 
can  be  done  routinely  with  fast  positrons.  On  the  other 
hand,  slow  positron  beam  experiments  are  mainly 
limited  to  Doppler  measurements.  This  is  because  the 
time  information  of  the  positron’s  entrance  to  the 
sample  is  lost  in  the  beam  formation.  However,  a  low- 
energy  pulsed  positron  beam  enables  the  lifetime 
measurements  in  thin  layers. 


3.  Positron  lifetime  beam 

A  successful  method  for  positron  lifetime  measure¬ 
ments  in  thin  layers  is  a  pulsed  positron  beam  [3,4].  In 
this  system,  the  continuous  slow  positron  beam  is 
converted  to  very  short  pulses  with  a  well-defined  time 
structure. 

In  the  following,  we  will  describe  the  pulsed  positron 
lifetime  beam  presently  under  construction  in  the 
Helsinki  University  of  Technology  [5].  Our  beam  has 
been  designed  especially  for  studies  of  defects  in 
semiconductors.  Unlike  in  the  other  existing  systems 
[3,4],  in  our  beam  the  sample  is  at  ground  potential  to 
simplify  its  manipulation  and  temperature  control.  In 
addition,  the  sample  can  be  illuminated  to  study  the 
optical  properties  of  the  defects.  Also,  the  beam  energy 
is  variable  between  3  and  30  keV  which  enables  the 
measurements  of  layers  with  thicknesses  of  0-2  pm. 

The  principle  of  pulse  generation  is  shown  in  Fig.  4. 
The  positrons  from  a  22Na  source  are  thermalized  in  a 
W-foil  moderator.  Thereafter  they  are  magnetically 
guided  and  further  accelerated  to  a  velocity  selector, 
which  separates  the  remaining  fast  positrons  from  the 
slow  ones.  This  is  done  by  solenoids  and  coils  arranged 
perpendicular  to  each  other.  In  the  first  pulsing  stage, 
the  prebuncher,  two  sinusoidial  voltages  (33  and 
66  MHz)  are  used  to  periodically  accelerate  and 
decelerate  positrons  in  two  gaps  between  the  middle 
electrode  and  the  end  electrodes.  The  electrodes  are  also 
biased  so  that  positrons  are  accelerated  with  constant 
potentials  across  the  prebuncher. 

The  prebuncher  is  followed  by  a  drift  tube  where  the 
energy-modulated  beam  compresses  to  pulses.  After  the 
drift  tube,  the  first  acceleration  stage  feeds  positrons  to 
the  chopper,  which  is  used  to  cut  out  the  background 


Sample 


Time 


Fig.  4.  The  pulsed  positron  lifetime  beam.  Short  pulses  are  used 
to  measure  positron  lifetime  in  thin  layers. 


between  the  pulses.  This  is  done  with  three  electrodes; 
the  upper  and  the  lower  ones  are  grounded  and  the 
middle  one  is  in  an  oscillating  voltage  with  a  frequency 
of  16.7  MHz.  This  voltage  creates  an  electric  field 
perpendicular  to  the  beam,  which  increases  the  trans¬ 
versal  velocity  and  the  Larmour  radius  and  makes 
positrons  hit  the  walls  of  the  chopper  slit.  By  carefully 
adjusting  the  phase  of  the  chopper  voltage  it  is  possible 
to  cut  out  the  background  between  pulses  and  pass  the 
pulses  through  unmodified. 

The  main  buncher  is  a  resonating  cavity  with  a 
frequency  of  167  MHz,  The  two  narrow  spaces  between 
the  body  of  the  cavity  and  the  center  electrode  act  as  an 
acceleration-deceleration  gaps.  In  this  stage,  the  pulses 
are  squeezed  to  a  final  width  of  100  ps. 

The  pulses  from  the  buncher  are  further  accelerated 
by  a  constant  voltage  and  slowed  down  to  final  energy  in 
an  adjustable  decelerator  before  hitting  the  grounded 
sample.  This  kind  of  two-stage  accelerator-decelerator 
structure  is  beneficial  as  it  reduces  the  variation  of  the 
flight  time  through  the  acceleration  stage  with  varying 
acceleration  energies.  It  also  helps  to  reduce  the  effects 
of  the  backscattered  positrons  in  the  lifetime  spectrum. 
These  positrons  are  accelerated  away  from  the  sample 
surface  and  they  annihilate  in  the  walls  of  the  large 
chamber  two  or  three  nanoseconds  after  the  arrival  of 
the  main  pulse. 

The  pulse  generation  is  controlled  by  electronics, 
which  also  provides  the  necessary  timing  signal  corre¬ 
sponding  to  the  time  when  positrons  enter  the  sample. 
The  timing  signal  for  the  positron  annihilation  is 
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measured  by  a  BaF2  scintillation  detector  placed  behind 
the  sample.  The  positron  lifetime  is  obtained  as  a 
difference  of  these  signals. 

4.  Conclusions 

Positron  annihilation  spectroscopy  can  be  used  to 
identify  vacancy-type  defects  in  bulk  semiconductor 
crystals  and  epitaxial  layers.  The  identification  of  both 
vacancies  and  their  surrounding  atoms  can  be  conven¬ 
tionally  done  only  for  bulk  samples  which  can  be 
measured  with  both  lifetime  and  Doppler  broadening 
spectroscopy.  The  pulsed  positron  beam  described  here 
will  provide  us  with  a  method  to  measure  positron 
lifetime  in  thin  semiconductor  layers.  This  enables  direct 


identification  of  the  open  volume  of  the  defect  in  the 
layer,  more  straightforward  determination  of  vacancy 
concentrations,  and  improved  sensitivity  compared  with 
Doppler  measurements. 
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Abstract 

A  method  is  described  to  detect  and  measure  diffusion  in  complex  layer  systems.  The  technique  of  spectrum  imaging 
is  a  combination  of  electron  energy-loss  spectroscopy  and  imaging  in  a  transmission  electron  microscope  with  imaging 
energy  filter.  It  allows  to  extract  chemical  profiles  with  a  spatial  resolution  of  about  1  nm  at  a  compositional  sensitivity 
better  than  1  at%  for  most  elements.  This  has  been  applied  to  multilayers  of  quaternary  semiconductors,  where  simple 
electron  microscopy  based  imaging  techniques  cannot  distinguish  between  the  diffusion  of  different  atomic  species.  The 
diffusivities  of  sulphur  in  ZnMgSSe/ZnSe  quantum  well  laser  structures  and  of  magnesium  and  manganese  across 
interfaces  in  CdMnTe/CdTe/CdMgTe  quantum  wells  have  been  determined.  ©  2001  Elsevier  Science  B.V.  All  rights 
reserved. 

FACS:  68.35.Fx;  68.37.Lp;  68.65.Fg;  81.05.Dz 

Keywords:  Diffusion  lengths;  Zn(Mg,S)Se;  Cd(Mg,Mn)Te;  Energy  filtering  TEM 


1.  Introduction 

The  (opto)electronic  properties  of  quantum  well 
structures  depend  strongly  on  the  width  and  the 
chemical  composition  of  the  thin  layers  used  for  carrier 
confinement,  as  well  as  on  the  quality  of  interfaces 
between  these  and  the  barrier  layers  [1].  One  of  the 
biggest  problems  of  devices  made  of  such  layers  is 
thermal  degradation  due  to  diffusion  and  the  generation 
of  extended  lattice  defects.  Latter  can  be  investigated  by 
transmission  electron  microscopy  (TEM).  High-resolu¬ 
tion  TEM  has  been  used  to  study  the  abruptness  of 
interfaces  at  near  atomic  resolution  [2-4],  but  the 
accuracy  is  limited  by  Fresnel  effects  [5]  and  the  need 
to  determine  precisely  the  imaging  conditions  that 
establish  the  relationship  between  image  contrast  and 
chemical  composition  [3,4,6].  Higher  chemical  sensitivity 
and  reliability  can  be  obtained  from  electron  energy-loss 
spectroscopy  (EELS)  [7].  Here,  the  technique  of 
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spectrum  imaging,  as  first  described  in  Ref.  [8],  is 
applied  quantitatively  to  thin  layers. 

2.  Experimental 

The  experiments  have  been  performed  with  a  Philips 
CM300UT  TEM  equipped  with  a  Gatan  imaging  filter. 
Spectrum  imaging  exploits  the  fact  that  the  dispersion  of 
a  magnetic  sector  field  is  only  in  one  direction, 
perpendicular  to  the  electron  beam  and  the  magnetic 
field.  With  an  imaging  filter  and  a  two-dimensional 
detector,  spatial  resolution  can  be  retained  in  the 
direction  without  dispersion  so  that  line  profiles  across 
planar  faults  or  interfaces  can  be  recorded.  A  spectrum 
image  consists  of  a  series  of  EEL  spectra  taken 
simultaneously  across  the  structure.  Line-by-line  EEL 
spectra  can  then  be  extracted.  The  interfaces  must  be 
accurately  aligned  relative  to  the  spectrometer  in  order 
to  avoid  spatial  blurring.  Details  of  the  procedure  are 
given  in  Ref.  [9]. 

The  Zn(Mg,S)Se  samples  were  grown  by  metal 
organic  vapour  phase  epitaxy  on  GaAs  (001)  substrates 
at  330°C  [10].  The  Cd(Mg,Mn)Te  samples  studied  were 
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grown  by  molecular  beam  epitaxy  on  GaAs  (001)  at 
280  C  via  a  thick  CdTe/CdMnTe  buffer  layer  [1 1]. 

TEM  cross-sectional  samples  were  prepared  by 
standard  methods.  ArH  ion  milling  was  employed  at 
low  angles  of  8  and  voltages  of  only  3kV  until 
perforation,  and  the  holder  was  cooled  which  prevents 
sample  damage  known  from  ion  irradiated  II/VI 
compounds  [12]. 


3.  Results 

Fig.  la  depicts  a  typical  spectrum  image  recorded  in 
20s  with  an  energy  offset  of  2.4 keV  of  a  10 nm 
ZnMgSSe  /  5  nm  ZnSe  multiple  quantum  well  laser 


dstance  [nm]  along  growth  direction  -> 


Fig.  1.  Spectrum  image  (a),  net  signal  after  background 
subtraction  (b)  and  calculated  sulphur  profiles  (c)  for  the  as- 
grown  specimen  (solid  line),  an  annealed  (dotted),  and  an 
annealed  and  irradiated  specimen  (dashed). 


structure.  After  fitting  an  inverse  power  law  background 
in  front  of  the  SK  edge  at  2472  eV  and  subtracting  it  off. 
the  SK  edge  is  well  discernible  (Fig.  lb).  Twenty 
spectrum  images  were  thus  recorded  to  improve  the 
signal-to-noise  ratio,  and  this  was  repeated  for  each  of 
the  three  specimens  analysed  (the  as-grown,  an  an¬ 
nealed,  and  an  annealed  and  irradiated  structure).  The 
net  SK  intensity  was  then  integrated  over  40 eV  from  the 
edge  onset.  Scaling  the  sulphur  profiles  in  the  ZnMgSSe 
barrier  layers  Fir  away  from  the  thin  quantum  wells  to 
the  nominal  composition  of  16  at%  S,  the  concentration 
profiles  of  the  different  samples  are  directly  comparable 
(Fig.  lc).  The  sulphur  profiles  are  approximately  Gaus¬ 
sian  which  allows  a  straightforward  solution  of  Fick's 
law  of  diffusion.  From  the  decrease  of  the  amplitudes  of 
the  profile  during  the  anneal  (30  min  at  277  C)  the 
diffusivity  of  sulphur  in  this  system  has  been  calculated 
as  D—  6  x  10  "■  m~  s  1 .  The  sulphur  concentration 
measured  as  (2.2±0.6)at%  in  the  CdTe  quantum  wells 
after  anneal  was  later  confirmed  independently  by 
modelling  the  observed  blue  shift  of  the  emission  lines 
with  temperature  [13,14]. 

Fig.  2a  shows  a  <100)  lattice  image  and  Fig.  2b  the 
corresponding  averaged  intensity  profile  of  the  thinnest 
CdTe  quantum  well  embedded  between  CdMnTe  (left) 
and  CdMgTe  (right).  Thickness  and  defocus  have  been 
chosen  so  that  the  CdTe  exhibits  strong  {02  2}  fringes 


Fig.  2.  Lattice  image  of  an  as-grown  Cd(Mn.Mg)Te  quantum 
well  (a)  and  intensity  profile  (b).  indicating  about  3  monolayers 
transition  widths. 
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while  the  ternary  compounds  show  dominantly  {002} 
lattice  fringes,  of  opposite  contrast.  Both  interfaces  are 
visible  as  transition  regions  about  1  nm  wide.  Analyses 
of  the  other  quantum  wells  gave  similar  results,  with 
average  interface  widths  of  (2.7+ 1.3)  (002)  monolayers 
for  the  as-grown  structures. 

Figs.  3a  and  b  depict  accumulated  spectrum  images 
taken  of  the  as-deposited  Cd(Mn,Mg)Te  structure  with 
different  offsets.  Figs.  3c  and  d  show  the  corresponding 
net  maps  after  background  subtraction  before  the  MnL 
and  the  MgK  edges,  respectively.  The  TeM  edge,  just  in 
front  of  the  MnL  edge,  makes  a  background  fit  to  Fig.  3a 
difficult;  the  best  result  was  obtained  by  fitting  a 
reference  spectrum  of  pure  CdTe  to  the  wide  peak  of 
the  TeM  edge.  Profiles  of  the  net  maps  were  obtained  by 
integrating  over  stripes  50  eV  wide  and  are  displayed  for 


Fig.  3.  Spectrum  images  with  500  eV  (a)  and  1200eV  (b)  offset 
and  background  subtracted  net  maps  of  the  Mn  (c)  and  the  Mg 
(d)  signals.  From  the  intensity  line  scans  in  (e)  concentration 
profiles  (0  can  be  calculated  using  Eq.  (1).  All  data  are  from  the 
as-grown  Cd(Mn,Mg)Te. 


all  elements  in  Fig.  3e.  The  total  exposure  times  for  the 
elemental  spectrum  images  were  5  s  for  CdM,  10  s  for 
TeM,  20  s  for  MnL  and  200  s  for  the  MgK  edge,  to  yield 
comparable  count  rates.  As  the  count  rate,  /,  of  an 
element  (index  i)  is  proportional  to  its  concentration  c, 
the  exposure  time  /,  and  the  ionisation  cross-section  s, 
the  concentration  can  be  calculated  as 


h/tjSj 

h!hsi 


(i) 


It  is  known  that  the  tabulated  Hartree-Slater  cross- 
sections  used  here  [15]  are  accurate  for  the  MgK  and  the 
MnL  edge  [16]  but  over-estimate  the  cross-sections  of  the 
delayed  CdM  edge  [17].  Hence,  the  concentration  of  both 
Cd  and  Te  will  be  underestimated  and  the  calculated  Mn 
and  Mg  concentrations  in  Fig.  3f  will  be  somewhat  too 
high.  However,  when  the  same  procedure  with  the  same 
integration  windows  is  applied  to  the  sample  annealed 
for  15  s  at  510°C,  then  the  same  systematic  error  will 
apply.  From  the  ratios  of  the  maximum  concentrations 
before  (cr0)  and  after  (cTl)  the  anneal,  the  diffusion 
length,  /,  can  be  calculated  from 


where  a  describes  the  standard  deviation  of  the  as- 
deposited  profile  and  can  be  approximated  by  the  full 
interface  width  divided  by  2.35  for  a  Gaussian  [18]. 
From  Figs.  3f  and  4,  the  peak  concentrations  yield 
diffusion  lengths  of  /m0=  0.53  nm  for  Mn  and 
/Mg=  0.68  nm  for  Mg.  These  can  be  converted  into 
diffusivities,  D,  from  the  relationship  /  =  (2Dtf  5  where 
t=  15  s  is  the  annealing  time.  The  results  are 
DMn=  9.2  x  10-21  m2  s— 1  and  I>Mg=  1-6  x  10-20  m2  s-1, 
i.e.  Mg  is  diffusing  faster  in  this  system  than  Mn,  which 
is  in  accord  with  previous  Zeeman  studies  [11]. 
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Abstract 

SiC  is  a  semiconductor  with  very  good  material  properties  for  high  power,  high  frequency  and  high  temperature 
applications.  During  device  fabrication  irradiation  with  particles  is  often  used,  e.g.,  ion-implantation,  which  creates 
intrinsic  defects.  The  most  persistent  defect  in  SiC  is  Dx  that  appears  after  irradiation  and  subsequent  high  temperature 
annealing.  A  direct  method  called  Trapped  Carrier  Electroluminescence  (TraCE)  for  correlating  minority  carrier  traps 
with  luminescence  measurements  is  presented.  A  semi-transparent  Schottky  diode  under  reverse  bias  is  illuminated  with 
a  laser  pulse  of  above  band  gap  light  to  create  minority  carriers  that  are  captured  to  traps  in  the  space  charge  region. 
Majority  carriers  are  introduced  when  the  reverse  bias  is  removed  and  the  space  charge  region  is  reduced.  The  majority 
carriers  recombine  with  the  trapped  minority  carriers  and  the  emitted  light  from  the  recombination  is  detected.  TraCE 
has  been  used  to  study  and  correlate  the  Dj  bound  exciton  luminescence  from  intrinsic  defects  in  SiC  with  an  electrically 
observed  hole  trap  HS1.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SiC;  Defects;  TraCE;  Di 


1.  Introduction 

SiC  is  a  semiconductor  with  very  good  material 
properties  for  high  power,  high  frequency  and  high 
temperature  applications.  For  device  fabrication  ion- 
implantation  is  used  to  create  selectively  doped  regions. 
The  ion-implantation  will  also  produce  a  high  amount 
of  intrinsic  defects.  The  most  important  of  these  is  the  so 
called  Dj  defect  [1]  which  is  observed  as  a  bound  exciton 
recombination  at  low  temperatures.  The  Di  is  observed 
strongly  in  photoluminescence  (PL)  or  electrolumines¬ 
cence  (EL)  after  irradiation  and  subsequent  high 
temperature  annealing,  it  can  also  be  seen  in  as-grown 
material.  It  is  persistent  even  after  annealing  above 
1800°C.  The  Di  exciton  has  previously  been  shown  to  be 
bound  to  an  isoelectronic  center  and  to  act  as  a  pseudo¬ 
donor  [2],  i.e.,  a  tightly  bound  hole  with  a  loosely  bound 
electron.  The  spectrum  and  energy  levels  for  the  Di  can 
be  seen  in  Fig.  1 .  It  has  also  recently  been  shown  that  the 


*  Corresponding  author.  Fax:  +46-13-142337. 

E-mail  address:  freca@ifrn.liu.se  (F.H.C.  Carlsson). 


Dj  correlates  with  a  hole  trap  HS1,  as  seen  in  minority 
carrier  transient  spectroscopy  (MCTS)  [3].  Electrical  or 
optical  methods  are  commonly  used  to  characterize 
defects.  They  can  provide  different  bits  of  useful 
information.  It  is,  however,  often  difficult  to  draw  any 
conclusions  about  a  common  origin  for  electrically  and 
optically  measured  defects.  Most  attempts  to  do  so  are 
based  on  annealing  behavior  in  a  limited  temperature 
range  and  are  prone  to  errors.  In  this  work  we  present  a 
direct  method  called  Trapped  Carrier  Electrolumines¬ 
cence  (TraCE)  for  correlating  electrically  observed 
minority  carrier  traps  with  luminescence  measurements. 


2.  Experimental 

The  sample  used  was  a  4H-SiC  epitaxial  layer  grown 
by  hot  wall  CVD  on  a  standard  Cree  substrate 
irradiated  with  neutrons  and  subsequently  annealed. 
The  n-type  doping  was  2x10 15  cm-3  according  to 
capacitance-voltage  measurement.  A  semi-transparent 
Ni-Schottky  contact  was  evaporated  on  top  and  silver 
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<„PL  PLE 


Fig.  1.  PL  and  PLE  spectra  at  2K  of  the  DrBE  in  4H  SiC  In 
the  case  of  PLE  the  PL  was  monitored  at  the  L]  no-phonon 
line.  The  pseudo-donor  nature  of  the  DrBE  is  seen  in  the 
energy  diagram. 


Spectrometer 
fitted  with 
gated  single 
photon 
counter 


Fig.  2.  The  experimental  setup  for  TraCE  measurements. 


paste  was  used  as  back  contact.  The  experimental  setup 
can  be  seen  in  Fig.  2.  where  the  sample  was  mounted  in  a 
nitrogen  cooled  Oxford  cryostat  to  control  the  tempera¬ 
ture  between  130  and  160 K.  The  emission  was  detected 
with  a  photomultiplier  tube  in  single  photon  counting 


Thermal  emission 


Fig.  3.  The  pulse  sequence  that  creates  the  TraCE  lumines¬ 
cence. 


mode  fitted  to  a  0.46  m  spectrometer.  For  spectral 
measurements  a  12001/mm  grating  with  1.0  mm  slits 
were  used  and  for  transient  measurements  a  3001/mm 
and  2.0  mm  slits  were  used.  The  12001/mm  grating  and 
1. 0mm  slits  gives  a  resolution  of  12 A.  A  bias  of-lOV 
on  the  Schottky  contact  was  used  and  it  was  illuminated 
with  a  300  ms  laser  pulse,  controlled  by  a  mechanical 
shutter,  of  above  band  gap  light  through  the  contact  to 
create  minority  carriers  that  are  captured  to  the  traps  in 
the  space  charge  region.  The  capacitance  was  monitored 
with  an  oscilloscope  to  make  sure  that  all  the  traps  were 
filled  with  minority  carriers.  Given  enough  time  and 
high  enough  temperature  these  trapped  carriers  will 
thermally  be  emitted  to  the  band.  In  a  standard  MCTS 
measurement  only  the  capacitance  change  due  to  the 
emitted  carriers  is  observed.  In  the  TraCE  measurement 
a  delay  is  introduced  varying  between  0.5  and  250  ms 
after  the  light  pulse  where  the  reverse  bias  is  removed  for 
200  jas  and  majority  carriers  are  introduced  into  the 
space  charge  region.  The  pulses  and  their  individual 
changes  can  be  seen  in  Fig.  3.  The  pulse  sequence  has  a 
repetition  frequency  of  1.4  Hz.  The  majority  carriers  can 
then  recombine  with  the  remaining  trapped  minority 
carriers  and  create  luminescence  (see  Fig.  4)  that  was 
detected  through  the  edge  of  the  sample.  A  gated  photon 
counter  was  used  to  only  count  photons  that  were 
emitted  during  the  emission  due  to  trapped  minority 
carriers.  The  spectral  composition  of  the  luminescence 
will  be  similar  to  that  of  PL  or  EL  from  the  defect  the 
minority  carrier  was  trapped  at.  Experiments  have  been 


F.H.C.  Carlsson  et  al  /  Physica  B  308-310  (2001)  1165-1168 


1167 


Fig.  4.  The  band  diagram  and  carriers  in  the  sample:  (a)  With 
reverse  bias  after  the  light  pulse,  (b)  when  the  reverse  bias  is 
removed  and  recombination  giving  an  emission  occurs. 


carried  out  to  make  sure  that  the  recorded  luminescence 
was  the  result  of  trapped  minority  carriers  recombining 
with  the  later  introduced  majority  carriers  and  not  by 
PL  or  EL.  The  varied  delay  will  make  it  possible  to 
compare  TraCE  intensities  with  the  capacitance  tran¬ 
sient  in  MCTS  measurements  if  the  recombination 
process  is  fast  compared  to  the  thermal  emission.  The 
capacitance  shows  that  all  the  trapped  minority  carriers 
are  removed  after  the  200  ps  bias  removal. 


Wavelength  (A) 


Fig.  5.  The  emission  spectra  obtained  using  TraCE  (lower  line) 
and  PL  (upper  line)  correspondingly,  the  PL  spectrum  is  shifted 
upwards  for  clarity. 


Fig.  6.  The  TraCE  (squares)  and  MCTS  (solid  lines)  transients 
for  temperatures  between  130  and  160  K. 


3.  Results 

In  PL  and  EL  Dj  is  dominating  the  spectrum  for  this 
sample.  In  MCTS  a  high  concentration  of  HS1  is  seen. 
The  spectrum  (see  Fig.  5)  recorded  from  the  TraCE 
measurements  is  identical  with  that  for  PL  or  EL  for  the 
same  temperatures.  Luminescence  is  only  observed  from 
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the  sample  when  the  reverse  bias  is  removed.  The 
intensity  using  the  TraCE  technique  is  however  much 
weaker  compared  to  PL  or  EL  due  to  the  low  repetition 
frequency  1.4  Hz  of  the  carrier  injection.  This  gives  an 
effective  emission  time  close  to  I  O'"5,  with  a  correspond¬ 
ing  intensity  reduction.  The  transients  detected  by 
TraCE  when  the  delay  of  the  forward  voltage  pulse 
was  varied  agrees  very  well  with  the  transients  from 
MCTS  for  HS1  for  the  whole  temperature  range,  as  can 
be  seen  in  Fig.  6,  proving  that  the  optical  and  electrical 
signal  originates  from  the  same  defect.  TraCE  has  been 
used  to  study  and  correlate  the  D[  bound  exciton 
luminescence  from  intrinsic  defects  in  SiC  with  an 
electrically  observed  hole  trap  HS1.  This  correlation  is 
consistent  with  the  proposed  model  of  the  defect  as  a 
pseudo-donor  [2],  i.e.,  a  hole  is  first  tightly  bound  to  a 
neutral  defect  and  an  electron  is  then  captured  by  the 
coulomb  attraction  and  becomes  loosely  bound. 

4.  Discussion 

TraCE  can  correlate  electrical  measurements  by 
MCTS  with  optical  measurements  such  as  EL  and  PL. 


The  luminescence  intensities  from  TraCE  are  very  low, 
since  the  luminescence  time  is  only  10->  of  the  total 
time,  and  great  care  must  be  taken  to  avoid  any  stray 
light  or  other  sources  of  noise.  The  technique  has  so  far 
only  been  applied  to  the  D]  (HS1)  defect  but  can  also  be 
used  for  other  minority  carrier  traps  to  correlate 
any  luminescence  emission  with  the  corresponding 
electrically  observed  defect.  The  direct  correlation 
between  electrical  and  optical  measurements  avoids 
mistakes  that  can  be  made  from  other  correlation 
attempts. 
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Abstract 

The  defects  responsible  for  the  charge  leak  of  dynamic  random  access  memory  (DRAM)  memory  cells  were  revealed 
by  a  novel  type  of  electrically  detected  magnetic  resonance  measurements.  The  detection  sensitivity  was  greatly 
improved  by  using  reverse-biased  p—n  junctions,  which  enabled  us  to  specify  the  defect  structure.  Two  types  of  defects 
were  identified  as  the  origin  of  the  leakage  currents;  the  spin-1  Si  dangling-bond  (DB)  pair  in  divacancy-oxygen 
complexes  (V2  +  0  and  V2  +  02)  or  Si  DBs  of  a  different  kind  from  the  well-known  Si  DB  center  (g  =  2.0055).  It  is 
notable  that  such  defects  remain  in  the  device  structure  in  spite  of  their  low  thermal  stability  in  Si  bulk.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords :  DRAM;  Leakage  current;  Defect;  EDMR 


1.  Introduction 

In  the  present  and  future  Si  ultralarge  scale  integrated 
circuits  (ULSIs),  process-induced  point  defects  become 
increasingly  crucial,  due  to  downsizing  of  the  device 
regions  as  well  as  complicated  processing  steps.  At 
present,  microscopic  information  on  defects  in  ULSIs  is 
quite  limited.  One  major  reason  is  that  the  amount  of 
the  defects  is  far  below  the  detection  limit  of  electron 
paramagnetic  resonance  (EPR).  Alternatively,  electri¬ 
cally  detected  magnetic  resonance  (EDMR)  technique 
was  developed  (for  a  review  see  Ref.  [1])  and  a  successful 
detection  of  residual  defects  in  Si  planar  p-n  junctions 
was  demonstrated  [2].  Since  this  technique  monitors  the 
magnetic  resonance  of  defects  via  resonant  changes  in 
the  device  current,  it  is  applicable  to  small  sample 
volumes  of  ULSIs;  moreover,  only  defects  present  along 
the  current  path  and  thus  related  to  the  device 
performance  can  be  selectively  detected.  These  advan¬ 
tages  make  it  possible  to  approach  a  very  few  but 
important  defects  in  actual  ULSIs. 
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We  present  an  EDMR  study  on  the  nude  n+-p 
junctions  of  the  dynamic  random  access  memory 
(DRAM)  cells.  This  type  of  memory  device  is  one  of 
the  most  sensitive  ULSIs  to  the  influence  of  residual 
defects.  For  DRAMs,  leakage  currents  in  reverse-biased 
p-n  junctions  (junction  leakage  current,  JLC)  have  to  be 
suppressed  in  order  to  keep  the  capacitor  charges  as  long 
as  possible.  The  defects  in  the  n+-p  junctions,  however, 
act  as  an  efficient  source  of  additional  JLC.  We  thus 
study  the  defects  responsible  for  the  JLC  of  DRAM 
cells.  In  order  to  directly  correlate  the  defects  with  the 
JLC,  the  key  issue  is  to  measure  EDMR  under  a  reverse 
bias,  which  was  very  occasionally  reported  in  previous 
literatures  [3].  We  carefully  examined  the  reverse-bias 
characteristic  of  EDMR  and  eventually  found  that  the 
detection  under  reverse  bias  is  quite  possible  and  even 
surprisingly  sensitive  to  defects.  Based  on  such  EDMR 
experiments,  we  discuss  the  microscopic  structures  of 
point  defects  that  cause  the  JLC. 

2.  EDMR  measurements  on  reverse-biased  p-n  junctions 

Fig.  1  shows  the  basic  structure  of  the  chip  examined. 
This  sample  mimics  the  DRAM  cells  fabricated  by  the 
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Fig.  1.  Sample  structure.  The  p-  and  n-typc  regions  were 
produced  by  the  implantation  of  B  and  P  in  a  p-type  (100)  Si 
wafer. 


0.3-pm  rule  ULSI  process.  Each  cell  has  an  n  * -p 
junction  with  an  adjacent  switching  metal-oxide-semi- 
conductor-FET  gate.  The  leakage  current  of  the  n  1  -p 
junction  is  used  for  EDMR.  Our  EDMR  setup  is  based 
on  a  modified  X-band  EPR  spectrometer  [2].  The 
measurement  temperature  was  carefully  determined  as 
follows.  At  low  temperatures,  the  device  current  (/) 
decreases  due  to  freeze  out  of  carriers,  while  a  low  noise 
level  of  the  resonant  change  (A/)  is  achieved  due  to 
reduction  of  the  current  noise.  To  gain  the  highest 
signal-to-noise  ratio  and  keep  the  normal  current- 
voltage  characteristics,  the  measurement  temperature 
was  set  at  230  K.  No  illumination  was  done  to  prevent 
the  generation  of  photo-excited  carriers. 

It  has  been  believed  that  the  JLC  under  reverse  bias  is 
unfavorable  for  EDMR  because  of  the  too  low  current 
level.  However,  we  found  that  the  reverse  JLC  becomes 
extremely  sensitive  to  the  defects  when  high  reverse 
voltages  are  applied  to  the  junction  (Fig.  2).  The  rate  of 
the  resonant  current  change  (A///)  steeply  increases 
over  100  ppm  above  5  V.  This  A///  value  is  much  higher 
than  observed  under  forward  biases  (30  ppm.  indepen¬ 
dent  of  the  forward  bias).  The  reason  why  such  an 
enhancement  occurred  will  be  simply  because  the  reverse 
JLC  was  dominated  by  the  defect-induced  leakage 
currents.  In  contrast,  p-n  junctions  under  forward  bias 
or  photo  illumination  generate  only  a  small  fraction  of 
recombination  currents  related  to  the  defects  as  com¬ 
pared  to  the  diffusion  current.  Thus,  EDMR  under  a 
reverse  bias  has  potential  as  a  powerful  technique  to 
raise  the  defect  detection  sensitivity. 

The  location  of  defects  can  be  known  by  changing  the 
gate  bias.  Fig.  3(a)  and  (a')  schematically  show  a  role  of 
the  gate  bias.  When  the  gate  is  negatively  biased  with 
respect  to  the  p-type  substrate,  the  channel  region 
becomes  p-type.  Further  applying  a  high  negative  bias, 
the  p-type  layer,  and  thus  depletion  layer,  expands  into 
the  near-surface  n-type  region  (a').  The  defects  in  the 
newly  formed  depletion  region  can  cause  the  JLC  and 
EDMR.  Actually,  both  of  the  JLC  (/)  and  the  resonant 
change  (A/)  are  found  to  increase  exponentially  with  the 
gate  bias  [Fig.  3(b)].  This  indicates  that  the  defects  are 


Fig.  2.  Reverse  bias  dependence  of  the  resonant  change  in  a 
total  current  {M/I).  The  magnitude  of  M/I  is  shown”  in  the 
pcak-to-pcak  intensity  of  a  first-derivative  signal.  The  gate 
voltage  was  set  to  be  -3.2  V.  FtlI)  represents  the  breakdown 
voltage. 


(a)  positive  bias 


(a')  negative  bias 


GATE  BIAS  (V) 


Fig.  3.  (a)--(a')  Schematic  views  of  the  gate-induced  expansion 
of  the  depiction  region.  Crosses  represent  the  defects,  (b)  Gate- 
bias  dependence  of  A /  (solid  circles)  and  /  (open  squares), 
measured  at  a  reverse  bias  of  7.3  V. 


located  in  the  n-type  side  of  the  junction.  Also,  there  is  a 
good  correlation  between  the  JLC  and  A/. 


3.  Identification  of  defects 

A  typical  EDMR  spectrum  for  the  JLC  is  shown  in 
Fig.  4(a).  The  spectrum  consists  of  two  parts:  one  main 
broad  resonance  at  cj  (</  value)  =  2.0055  and  weak  multi 
lines  at  the  both  sides.  The  main  broad  signal  resembles 
to  those  from  the  well-known  Si  dangling  bond  (DB) 
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observed  in  amorphous  Si  [4]  and  also  in  Si  crystals 
damaged  by  implantation  [5],  radiation  [6,7],  or 
mechanical  stress  [8].  Their  isotropic  and  single-peak 
features  are  thought  to  indicate  that  the  Si  DBs  are 
randomly  oriented  and  isolated  from  each  other. 
However,  the  same  picture  of  the  DBs  cannot  be  applied 
to  the  present  case,  because  the  n+-p  junction  of  our 
sample  is  fully  composed  of  crystalline  Si  lattice. 
A  similar  DB  signal  has  been  observed  in  the  other 
type  of  planar  Si  p-n  junctions  which  are  also  composed 
of  crystalline  Si  lattice  [2].  In  Ref.  [2],  the  DB  signal  was 
so  weak  that  detailed  spectroscopic  features  could  not  be 
resolved.  On  the  other  hand,  very-low-noise  spectra  we 
obtained  [Fig.  4(b)]  reveals  that  the  present  DB  signal 
really  has  anisotropy.  As  seen  in  the  figure,  when  the 
external  magnetic  field  (B)  is  aligned  to  the  [100] 
direction,  the  peak  moves  toward  lower  magnetic  field 
and  becomes  slightly  sharp.  This  anisotropy  evidences 
that  the  Si  DBs  are  not  randomly  oriented  in  our 
samples.  We  consider  that  the  observed  anisotropy  is 
related  to  the  crystalline  matrix  of  the  relevant  Si  DBs, 
which  will  be  studied  in  detail  elsewhere. 

The  weak  multi-lines  seen  in  Fig.  4(a)  seem  to  be  a 
new  EDMR  signal.  We  tentatively  call  it  signal  A, 
hereafter.  In  contrast  to  the  main  DB  signal,  the  signal  A 
showed  a  strong  B  dependence.  Fig.  5(a)  shows  its 
angular  dependence  with  respect  to  a  magnetic  field 
rotation  in  the  (Oil)  plane.  One  notable  character  of 
this  pattern  is  that  the  ratio  between  the  splitting  widths 
at  B ||  [100]  and  B||[l  10]  is  just  1:2.  This  strongly 
suggests  that  the  signal  splitting  originates  from  the  fine 
(electron  spin-electron  spin)  interaction  which  is  nearly 


Fig.  4.  (a)  EDMR  spectra  for  the  JLC  of  the  DRAM  cells,  and 
(b)  the  main  signal.  The  magnitude  of  the  JLC  was  100  nA  at 
reverse  and  gate  voltages  of  7.3  V  and  -4.2  V,  respectively.  The 
spectra  in  (a)  and  (b)  were  measured  using  the  magnetic  field 
modulation  of  0.9  and  0.4  mT,  respectively. 


[100]  [111]  [011] 


Fig.  5.  (a)  Angular  dependence  of  the  signal  A.  In  the  gray  area,  this  signal  is  not  clearly  resolved  due  to  the  overlapped  main  signal, 
(b)  The  microscopic  origins  of  the  signal  A. 
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axial  symmetric  around  the  [0  1  1]  direction.  Previously, 
similar  fine  interactions  were  reported  for  a  series  of  the 
spin-1  vacancy-oxygen  complexes  in  radiation  damaged 
Si  [9-12].  Such  complexes  retain  a  pair  of  Si  DBs,  which 
generate  the  fine  interaction.  The  solid  lines  in  Fig.  5(a) 
are  calculated  by  adopting  the  same  defect  system 
known  for  the  divacancy  plus  one  oxygen  (V2  +  0,  the 
Al 4  center)  [10]  or  that  plus  two  oxygen  atoms  (V2  +  02, 
the  P2  center)  [9].  The  best  fit  between  the  calculation 
and  experimental  data  was  obtained  with  averaged  EPR 
parameters  of  the  two  centers.  Therefore,  we  conclude 
that  the  signal  A  originates  from  a  combination  of  the 
P2  and  A 14.  The  microscopic  origins  of  this  signal  arc 
given  like  Fig.  5(b).  The  oxygen  incorporation  possibly 
occurs  during  the  dopant  implantation  through  surface 
oxides  and/or  the  thermal  oxidation  process. 

Since  our  chips  never  recieved  radiation  damages  or 
other  intentional  damages,  it  is  reasonable  to  consider 
that  the  present  defects  are  created  by  the  dopant 
(phosphorous)  implantation.  This  assignment  is  also 
supported  by  the  fact  that  they  are  present  in  the  n  1  - 
type  region,  which  was  formed  by  the  ion  implantation. 
After  the  implantation,  our  chips  were  subjected  to 
annealing  at  a  temperature  of  higher  than  800'C.  This  is 
much  higher  than  the  anneal-out  temperature  for  V2  +  O 
and  V2  +  02  (<400  C)  observed  in  radiation  damaged  Si 

[9].  Also  the  DB  signal  (g  ~  2.0055)  usually  disappears 
when  implantation  damaged  Si  wafers  are  annealed  at 
the  relevant  temperature  range  [5].  Therefore,  our 
observation  indicates  that  the  thermal  annihilation  of 
the  defects  is  suppressed  in  the  device  structures.  The 
device  regions  are  usually  surrounded  by  the  substrate 
surface  and  isolation  structures.  These  may  inhibit  the 
annihilation  of  the  defects. 

For  the  Si  DB  pairs  in  V2  +  0  and  V2  +  02,  it  is 
reasonable  to  treat  their  DBs  individually,  because  of 
the  large  separation  between  the  DBs  [9].  Also  the  DB 
center  of  g  —  2.0055  can  be  regarded  as  a  single-DB 
system  [2-4].  Thus,  we  discuss  the  EDMR  mechanism 
using  a  simple  system,  which  consists  of  one  carrier  and 
one  unpaired  electron  (an  electrically  neutral  Si  DB)  in 
reverse-biased  junctions.  This  system  allows  only  one 
primary  spin-dependent  process  in  which  the  DB 
captures  a  valence-band  electron  in  p-type  Si.  On  the 
other  hand,  the  carrier  generation  via  the  DB  (electron 
emission  to  the  conduction  band  of  n-type  Si)  is  not  a 
spin-dependent  process  [13].  Therefore,  the  appearance 
of  the  EDMR  signals  is  supposedly  a  consequence  of  the 
electron  tunneling  from  p-type  Si  to  the  DBs  levels. 
Such  a  tunneling  probability  naturally  increases  with  the 
reverse  voltage.  Besides,  the  relatively  high  reverse 
voltage  is  necessary  to  extend  the  depletion  region  into 


the  n  1  -region  where  the  DBs  are  present.  We  speculate 
that  the  drastic  signal  increase  at  high  reverse  voltages  is 
attributed  to  these  factors. 

The  actual  reverse  bias  for  keeping  the  capacitor 
charges  is  typically  1  or  2  V,  which  is  lower  than  used  for 
EDMR  measurements.  At  such  low  voltages,  the 
electron  tunneling  discussed  above  is  largely  suppressed. 
However,  the  carrier  generation  via  the  DB*s  levels  can 
effectively  contribute  to  the  JLC.  Therefore,  in  order  to 
suppress  the  defect-induced  JLC,  it  is  necessary  to 
remove  the  DBs  from  the  n f -region.  This  will  be 
achieved  by  optimizing  the  ion-implantation  process  and 
the  subsequent  annealing. 


4.  Summary 

We  have  found  implantation-induced  point  defects  in 
the  n  *  -p  junctions  of  DRAM  cells  by  means  of  a  novel 
EDMR  technique.  The  EDMR  results  clearly  showed 
that  such  defects  are  responsible  for  the  JLC  in  the 
reverse-biased  junctions.  The  defect  structures  were 
assigned  to  be  Si  DBs  or  the  spin-1  Si  DB  pairs  of  the 
divacancy-oxygen  complexes  (V2  +  0  and  V2  +  02).  We 
pointed  out  that  the  thermal  annihilation  of  the  defects 
is  suppressed  in  the  device  structure  than  in  the  bulk, 
which  indicates  a  significance  of  probing  actual  device 
regions. 
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Abstract 

The  process-induced  defects  in  nitrogen  doped  CZ  silicon  (NCZ-Si)  are  investigated  during  diode  processes.  It  was 
found  that  in  the  phosphorous  predeposition  (1230°C  for  2h),  stacking  faults  and  dislocations  were  formed  in  NCZ-Si, 
but  in  the  common  CZ  silicon  (ACZ-Si)  only  dislocations  were  observed.  In  boron  diffusion  process  (1260°C  for  30  h), 
the  interstitial  oxygen  (Oj)  concentration  in  NCZ-Si  specimens  fell  to  the  corresponding  solubility  and  all 
supersaturated  0;  was  precipitated.  On  the  contrary,  only  slight  oxygen  precipitates  were  generated  in  ACZ-Si  wafers. 
Correlated  to  oxygen  precipitates,  more  dislocations  were  produced  in  the  high  resistance  active  region  in  NCZ-Si 
specimens  in  comparison  with  ACZ-Si.  It  is  concluded  that  nitrogen  enhances  oxygen  precipitation  during  diode 
processes.  In  phosphorous  predeposition  process,  these  oxygen  precipitates  in  NCZ-Si  resulted  in  not  only  dislocations, 
but  also  stacking  faults.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Defects;  Nitrogen;  Diode  process;  Silicon 


1.  Introduction 

In  recent  years,  nitrogen  behavior  in  single  crystal 
silicon  has  been  intensively  studied.  In  general,  nitrogen 
is  used  as  a  protective  gas  or  a  carrier  gas  in 
manufacture  processes  of  very  large  scale  integration 
(VLSI)  circuits.  It  is  well  known  that  nitrogen  in  silicon 
can  suppress  microdefects  [1,2],  and  lock  dislocations  to 
increase  wafer  mechanical  strength  [3-5].  It  is  also 
reported  that  nitrogen  in  silicon  can  enhance  oxygen 
precipitation  [6-8].  Elevated  temperature  treatment  and 
high  concentration  doping  are  two  features  of  the  power 
diode  process.  In  the  early  studies  of  oxygen  precipita¬ 
tion  in  NCZ  silicon  [6-8],  the  annealing  temperatures 
were  all  no  higher  than  1150°C;  whereas  in  the  power 
diode  process,  the  processing  temperature  is  over 
1250°C.  Usually  at  those  elevated  temperatures, 
grown-in  oxygen  precipitate  nuclei  are  dissolved  and 
the  nucleation  rate  for  new  oxygen  precipitates  is  very 
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slow.  Therefore,  it  is  expected  that  little  interstitial 
oxygen  can  be  precipitated  during  the  diode  processes. 
Furthermore,  high  concentration  phosphorous  diffusion 
during  power  diode  processes  generates  supersaturated 
self-interstitial  silicon  that  will  impede  oxygen  precipita¬ 
tion  [9-10].  However,  up  to  now,  there  are  few  reports 
about  the  influence  of  nitrogen  on  oxygen  precipitation 
during  diode  process. 

Related  to  oxygen  precipitates,  extended  defects  can 
be  generated  in  silicon.  The  difference  between  the 
volume  of  oxygen  precipitates  and  silicon  lattices  causes 
strain  field  near  the  precipitates,  which  can  then  act  as 
heterogeneous  nuclei  for  stacking  faults  while  super¬ 
saturated  silicon  interstitials  exist  [11].  Meanwhile, 
oxygen  precipitates  can  also  punch  out  dislocation  loops 
to  release  the  strain  energy.  This  process  usually  takes 
place  during  annealing  at  medium  temperatures  or 
during  cooling  down  processes  following  high  tempera¬ 
ture  treatment  [12].  It  was  also  reported  that  nitrogen 
can  increase  the  mechanical  strength  of  silicon  wafers  by 
locking  dislocations  [3-5,13].  Thus,  it  is  interesting  to 
investigate  whether  and  how  nitrogen  affects  process- 
induced  defects  during  the  power  diode  processes. 
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In  this  paper,  the  influence  of  nitrogen  on  oxygen 
precipitation  and  the  related  defects  during  power  diode 
processes  has  been  investigated  by  means  of  FTIR 
measurement  and  optical  microscopy  technique.  It  was 
found  that  nitrogen  enhanced  oxygen  precipitates, 
induced  stacking  faults  in  the  active  region  in  diodes 
and  generated  more  dislocations  during  cooling  process. 
Finally,  the  effect  of  nitrogen  on  dislocations  caused  by 
thermal  stresses  is  also  demonstrated. 


2.  Experiment 

In  nitrogen  and  argon  atmosphere  respectively,  n-type 
{111)  oriented  NCZ  and  ACZ  silicon  ingots  with  the 
same  phosphorous  doping  level  were  grown.  The  speci¬ 
mens  marked  NO,  Nl,  N2  and  N3  were  cut  from  the 
different  positions  of  the  NCZ  silicon  ingot  from  seed 
end  to  tail  end.  The  specimens  marked  AO,  Al,  A2  and 
A3  were  cut  from  the  ACZ  silicon  at  the  same  positions 
as  those  of  the  NCZ  specimens.  The  wafers  with  the 
resistivity  of  20^40  Q  cm  were  about  300  pm  in  thickness. 
At  first  the  specimens  were  annealed  at  650  C  for  30  min 
to  annihilate  thermal  donors.  And  then  the  wafers  were 
used  to  fabricate  diodes. 

The  main  diode  fabrication  processes  were  as  follows: 
phosphorous  pre-deposition  at  1230  C  for  2h.  boron 
main-diffusion  at  1260  C  for  30  h  and  nickel  metalliza¬ 
tion  at  650  C  for  60 min.  After  phosphorous  pre¬ 
deposition  and  boron  diffusion  process,  the  wafers  were 
respectively  cleaved  o(T  and  etched  in  Sirtl  etchant  to 
delineate  dislocations  and  stacking  faults  by  optical 
microscopy. 

The  wafers  with  the  thickness  of  2  mm  were  cut  from 
the  same  positions  as  those  used  in  diodes  fabrication. 
Those  wafers  were  used  to  follow  diode  processes  and  to 
monitor  the  interstitial  oxygen  concentration  in  the 
diode  processes.  The  interstitial  oxygen  concentration 
and  oxygen  precipitates  were  characterized  by  FTIR  at 
room  temperature  according  to  the  absorption  lines  at 
1107  and  1224cm-1,  respectively.  The  calibration  factor 
of  3.14  x  lO^cm  "  was  used  for  calculating  interstitial 
oxygen  concentration. 


3.  Results  and  discussion 

3.1.  Oxygen  precipitates  and  dislocations  in  NCZ  silicon 

Fig.  1  shows  the  interstitial  oxygen  concentration  in 
ACZ  and  NCZ  silicon  before  and  after  diode  processing. 
It  demonstrates  that  in  NCZ  silicon,  the  interstitial 
oxygen  concentration  felled  to  the  corresponding 
solubility  concentration  in  the  diode  process,  and  all 
supersaturated  interstitial  oxygen  was  precipitated.  For 
the  ACZ  silicon,  only  in  the  A0  specimen  with  high 
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Fig.  1 .  Interstitial  oxygen  concentration  in  silicon  wafers  before 
and  after  diode  processes. 


oxygen  concentration,  the  interstitial  oxygen  precipi¬ 
tated  slightly.  In  the  Al,  A2  and  A3  specimens,  the 
interstitial  oxygen  concentrations  have  not  changed  in 
the  diode  processes. 

In  the  experiments  of  Sun  [6]  and  Aihara  [7],  typical 
high-low-high  annealing  as  intrinsic  gettering  sequence 
and  ramp-up  annealing  were  used.  They  pointed  out  the 
enhanced  nucleation  effect  of  nitrogen  on  oxygen 
precipitation.  In  the  experiment  of  Yang  [8],  where  one 
and  two  step  annealing  methods  were  used  to  investigate 
the  effect  of  nitrogen  on  oxygen  precipitation,  it  was 
found  that  nitrogen  in  silicon  can  enhance  oxygen 
precipitation  at  lower  temperature  (<750  C).  In  their 
experiments,  the  heat  treatment  temperature  was  not 
higher  than  1 1 50  C.  In  our  experiments,  the  phosphor¬ 
ous  pre-deposition  and  boron  diffusion  were  carried  out 
at  1230  C  and  1260  C,  respectively.  It  is  found  that, 
even  in  the  elevated  temperature  treatments  of  diode 
processes  in  NCZ  silicon,  some  oxygen  precipitates  were 
generated  (Fig.  1). 

The  starting  temperature  and  ramping  up  rate  of  the 
first  step  annealing  during  high  temperature  processes, 
which  determine  how  many  grown-in  oxide  nuclei  can 
survive  and  continue  to  grow  in  subsequent  high 
temperature  treatments,  are  essential  for  oxygen  pre¬ 
cipitation.  To  avoid  oxygen  precipitate  nuclei  to  be 
dissolved  in  ramping  up  processes,  the  ramping  up  rate 
must  be  low  enough  to  guarantee  that  grown-in  oxygen 
precipitate  nuclei  grow  up  and  their  radius  are  larger 
than  the  critical  radius  at  high  temperatures.  The 
ramping  up  rate  is  usually  chosen  at  l-1.5^C/min 
[7,14].  In  the  phosphorous  pre-deposition  process  of 
our  experiments,  the  starting  temperature  (600X)  was 
lower  and  the  ramping  up  rate  (2'C/min)  was  a  little 
higher.  Therefore,  in  ACZ-Si  the  higher  ramping  up  rate 
made  no  precipitated  nuclei  survive,  and  the  nucleation 
rate  at  high  temperatures  was  very  slow,  so  that  little 
oxygen  precipitates  could  be  generated  in  diode  pro¬ 
cesses.  During  the  phosphorous  pre-deposition  process 
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supersaturated  self-interstitial  silicon  were  produced  [9], 
which  also  resulted  in  the  dissolution  of  the  grown-in 
nuclei  and  oxygen  atoms  were  not  easy  to  precipitate.  As 
for  the  AO  specimen  which  was  cut  from  the  seed  end 
and  had  higher  oxygen  concentration,  it  has  undergone 
longer  heat  treatments  during  crystal  growth,  and  more 
grown-in  oxygen  precipitates  were  formed.  In  the 
ramping  up  process  of  the  diodes  a  few  of  grown-in 
nuclei  would  not  be  dissolved  so  that  the  smaller  amount 
of  interstitial  oxygen  atoms  could  precipitate  in  sub¬ 
sequent  high-temperature  treatments. 

For  all  of  the  specimens  from  NCZ-Si,  interstitial 
oxygen  concentration  decreased  and  oxygen  precipitates 
were  produced.  There  are  three  possible  reasons.  The 
first  is  that  due  to  the  enhancement  of  nitrogen  a  larger 
number  of  oxygen  precipitates  as  nuclei  during  crystal 
growth  were  produced.  In  the  diode  processes  some 
grown-in  oxygen  precipitates  survived  and  oxygen 
precipitates  could  be  formed.  This  reason  is  almost  the 
same  as  that  for  the  AO  specimen.  The  second  is  that 
although  grown-in  oxygen  precipitates  were  dissolved  in 
the  diode  processes,  nitrogen  as  heterogeneous  site  could 
enhance  oxygen  precipitation  even  at  higher  tempera¬ 
tures,  so  that  oxygen  precipitates  were  generated.  The 
third  is  that  due  to  the  effect  of  nitrogen,  the  grown-in 
oxygen  precipitates  nuclei  with  higher  density  were  more 
stable  and  did  not  dissolve  in  the  diode  processes. 

3.2.  Stacking  faults  generated  in  NCZ  silicon 

After  phosphorous  pre-deposition  process,  the  wafers 
were  cleaved  and  were  etched  in  Sirtl  etchant  for  5  min. 
The  photos  are  shown  in  Fig.  2.  It  can  been  found  that 
in  NCZ  specimens  not  only  dislocations,  but  also 
stacking  faults  were  generated,  while  in  ACZ-Si  wafers, 
no  stacking  faults  were  generated. 

On  the  one  hand,  oxygen  precipitates  can  induce 
formation  of  dislocations  or  stacking  faults  which  is 
dependent  of  the  annealing  temperature  and  the 
structure  of  oxygen  precipitates.  If  nitrogen  was  doped 
into  crystal,  the  structure  of  oxygen  precipitates  could  be 
changed  [9],  and  both  of  stacking  faults  and  dislocations 
might  be  generated.  On  the  other  hand,  it  is  known  that 
supersaturated  self-interstitials  are  generated  during 
phosphorous  diffusion  [10].  Normally,  stacking  fault 
embryos  will  be  formed  at  strain  centers  in  the  bulk  and 
at  the  surface  [1 1].  Oxygen  precipitates  can  also  act  as 
these  strain  centers.  In  the  NCZ  specimens,  more  oxygen 
precipitate  nuclei  survived  as  the  nucleation  centers  of 
stacking  faults  after  the  phosphorous  pre-deposition. 

After  boron  diffusion  process,  the  wafers  were  cleaved 
and  were  etched  in  Sirtl  etchant  for  5  min.  The  photos 
are  shown  in  Fig.  3.  It  can  be  seen  that  in  NCZ 
specimens  the  stacking  faults  disappeared.  Considering 
the  elevated  temperature  (1260°C)  and  the  prolonged 
treatment  time  (30  h),  the  supersaturation  of  self- 


Fig.  2.  Optical  microscopic  photos  of  ACZ  and  NCZ  speci¬ 
mens  cleaved  and  etched  in  Sirtl  etchant  for  5  min,  after 
phosphorous  pre-deposition  process. 

interstitials  cannot  be  sustained  in  this  process  because 
of  surface  recombination,  so  the  stacking  faults  will 
shrink  and  disappear. 

3.3.  Dislocations  in  NCZ  silicon 

From  the  photos  shown  in  Fig.  3,  it  has  been  found 
that  higher  density  dislocations  were  formed  in  the  high 
resistance  active  region  in  the  NCZ-Si  specimens  in 
comparison  with  the  ACZ  specimens,  especially  in  the 
specimens  with  high  initial  oxygen  concentration. 
Furthermore,  the  more  oxygen  precipitated,  the  more 
dislocations  were  generated.  It  can  be  deduced  that 
those  defects  were  oxygen  precipitates  related  disloca¬ 
tion  loops,  but  not  misfit  dislocations  induced  by  high 
concentration  diffusion  [15].  In  prolonged  diffusion 
process,  ripening  process  took  place  and  larger  pre¬ 
cipitates  grew  up  at  the  expense  of  smaller  ones’ 
dissolution.  As  a  result,  the  residual  oxygen  precipitates 
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Fig.  3.  Optical  microscopic  photos  of  ACZ  and  NCZ  speci¬ 
mens  cleaved  and  etched  in  Sirtl  etchant  for  5  min.  after  boron 
diffusion  process. 


with  lower  density  grew  up  to  large  dimensions  and 
could  punch  out  dislocation  loops  to  release  the  strain 
energy.  This  process  usually  takes  place  during  cooling 
down  process  following  high  temperature  treatment 
because  of  the  big  expansion  coefficient  difference 
between  oxygen  precipitates  and  silicon  bulk  [12]. 


4.  Conclusion 

In  this  paper,  the  behavior  of  oxygen  precipitation 
and  related  defects  in  NCZ  and  ACZ  silicon  was 
investigated.  It  was  found  during  the  diode  processes: 

(1)  nitrogen  in  silicon  can  enhance  oxygen  precipitation: 

(2)  in  phosphorous  pre-deposition  process,  not  only 
dislocations,  but  also  stacking  faults  were  generated  in 
NCZ  specimens,  while  in  ACZ-Si  wafers  only  disloca¬ 
tions  were  generated.  The  stacking  faults  in  NCZ  silicon 


disappeared  in  the  subsequent  boron  diffusion  process; 

(3)  associated  with  oxygen  precipitates,  more  disloca¬ 
tions  were  formed  in  NCZ  silicon,  especially  in  high 
oxygen  concentration  specimens. 
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Abstract 

We  report  on  a  new  technique  to  characterize  the  deep  defects  in  low  temperature  grown  GaAs  (LT-GaAs),  based  on 
a  thin  LT-GaAs  layer  embedded  in  the  intrinsic  zone  of  a  pin  diode.  At  this  structure  we  have  performed  steady  state 
and  time  dependent  measurements  of  the  n-channel  conductance.  Thus  we  deduce  information  about  the  activation 
energy  and  the  capture  time  constant  of  the  deep  defects.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

GaAs,  grown  by  molecular  beam  epitaxy  (MBE)  at 
low  substrate  temperatures  (190-300°C)  has  unique 
electrical  and  optical  properties  which  drastically  differ 
from  those  of  standard  GaAs.  Low  temperature  GaAs 
(LT-GaAs)  has  a  very  short  lifetime  of  photogenerated 
carriers  and  close-to-intrinsic  conductivity  (after  anneal¬ 
ing)  [1-3].  These  properties  are  caused  by  a  high  excess 
of  arsenic  atoms,  which  are  incorporated  into  the 
regular  crystalline  GaAs  lattice  as  Ga  sites  (AsGa-antisite 
defect).  This  leads  to  a  point  defect  concentration  of  the 
order  of  102Ocm-3  in  as-grown  material.  The  AsGa- 
antisite  defects  are  partially  compensated  by  relatively 
shallow  acceptors  [4].  The  concentration  of  AsGa-antisite 
defects  is  reduced  by  thermal  annealing  at  temperatures 
>400°C.  The  annealing  process  is  associated  with  the 
formation  of  As-precipitates  [5].  The  attractive  proper¬ 
ties  of  the  material  persist  in  the  annealed  material. 
Currently  it  is  not  clear,  how  far  the  AsGa-antisite 
defects  or  the  clusters  are  responsible  for  the  unusual 
properties  of  LT-GaAs. 

Most  investigations  of  LT-GaAs  have  been  performed 
on  “bulk”  material  (i.e.  layers  of  about  1  pm  thickness). 
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In  LT-GaAs  samples  annealed  at  temperatures  less  than 
600°C  the  penetration  depth  of  space  charge  fields  at  the 
contacts  is  of  the  order  of  less  than  10  nm,  due  to  the 
high  defect  density.  So  standard  methods  like  capaci¬ 
tance  vs.  voltage  (CV)  measurements  or  deep  level 
transient  spectroscopy  (DLTS)  are  not  suitable  to  study 
the  deep  defects  in  this  material. 

To  overcome  this  drawback  we  have  fabricated  pin 
diodes  with  a  thin  layer  of  LT-GaAs  (8nm  e.g.)  in  the 
i-layer  [6].  In  this  case  the  sheet  density  of  deep  centers 
=  At^lt  becomes  so  small  that  possibly  all  of  them 
can  be  depleted  under  reverse  bias.  Here  Nj  is  the 
concentration  of  deep  defects  and  dLT  the  thickness  of 
the  LT-GaAs  layer.  We  have  performed  steady  state  and 
transient  n-channel  conductance  measurements  at  dif¬ 
ferent  temperatures.  From  these  investigations  we  can 
deduce  the  charge  density  pjj|,  the  activation  energy  A E 
and  the  electron  capture  cross  section  of  the  deep  defects 
in  the  LT-GaAs  layer. 


2.  Sample  design 

Here  we  report  on  two  different  pin  diodes.  A 
schematic  band  diagram  of  the  double-hetero  p-i-n 
diode,  sample  A  is  shown  in  Fig.  1 .  In  sample  B  the  i- 
Alo.j5Gao.85As  layer  is  replaced  by  an  i-GaAs  layer  and 
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Fig.  1.  Schematic  band  diagram  of  sample  A  for  different 
voltages  F=0.  V<  \\  and  V>  Vc.  For  voltages  V#Q  only  the 
conduction  band  is  depicted. 


vice  versa.  The  thickness  of  the  Alo.15Gao.s5 As  is  200 
whereas  the  GaAs  layer  is  400 nm  thick.  During  sample 
growth  the  LT-GaAs  layer  has  been  annealed  in  situ  at 
540  C.  Thus,  it  exhibits  both,  a  high  density  of  As(;;i- 
antisite  defects  as  well  as  small  arsenic  precipitates  with 
an  average  diameter  of  3-4  nm  and  a  density  of 
1.5  x  1 0 1 '  cm  \  In  order  to  enable  a  precise  evaluation 
of  the  effects  related  to  the  LT-Iayer  reference  samples 
were  grown  with  the  same  layer  structure  except  for  a 
GaAs  layer  grown  at  540'C  instead  of  the  LT-Iayer, 

In  this  contribution  we  present  measurements  of  the 
n-channel  conductance  Gn„.  According  to  Poisson’s 
equation  the  sheet  carrier  density  n(2)  and.  hence,  also 
the  conductance  of  the  n-layer.  Gnn,  is  linearly  related  to 
the  electric  field  F\  on  the  left  side  of  the  LT-GaAs  layer. 
This  n-layer  is  moderately  doped  (10l7cm  3)  and 
sufficiently  thin  so  that  it  is  possible  to  detect  minor 
changes  of  F\.  According  to  Poisson’s  equation  also  the 
difference  between  F\  and  the  field  Fr  on  the  right  side  of 
the  LT-GaAs  layer  depends  on  the  sheet  charge  density 
Plt  stored  in  the  LT-GaAs  layer.  Thus  from  the 
observed  changes  of  Gnn  as  a  function  of  reverse  bias 
Pij  can  be  deduced  [6]. 

We  have  investigated  both  the  steady  state  n-channel 
conductance  as  a  function  of  reverse  bias  and  as  a 
function  of  time  under  a  sudden  bias  change.  Compar¬ 
ing  the  steady  state  n-channel  conductance  curves  of  the 
LT-samples  and  the  reference  samples  we  can  determine 
the  maximum  sheet  charge  density  in  the  LT-GaAs 
layer,  p(Ljlim.  Measurements  of  the  n-channel  conduc¬ 
tance  as  a  function  of  time  under  a  sudden  change  of 
bias,  taken  at  different  temperatures,  provide  informa¬ 
tion  about  the  activation  energy  of  the  deep  defects  and 
their  electron  capture  cross  section. 


3.  Measurement  of  the  steady  state  n-channel 
conductance 

In  Fig.  2  results  of  steady  state  measurements  on  the 
LT-GaAs  and  the  reference  samples  are  shown.  In  the 
reference  diodes  the  n-channel  conductance  Gnn  de¬ 
creases  with  increasing  reverse  bias  as  expected  due  to 
the  linear  decrease  of  the  width  of  the  n-conducting 
channel.  In  LT-sample  A,  however,  Gnn  is  almost 
constant  up  to  a  characteristic  voltage  Vc  of  about 
-9  V.  For  higher  reverse  bias  the  n-channel  conductance 
decreases  in  the  same  way  as  in  the  reference  diode. 

In  sample  B  the  n-channel  conductance  is  almost 
constant  only  up  to  a  much  lower  voltage  Vc  of  about 
-2  V.  Up  to  around  -10  V  the  slope  of  the  curve  is 
smaller  than  in  the  reference  diode.  For  higher  voltages 
the  slope  of  the  curve  is  the  same  as  in  the  reference 
sample. 

We  interpret  this  behavior  in  the  following  way.  The 
Fermi  level  of  the  traps  <PV  is  pinned  to  the  quasi  Fermi 
level  of  the  top  n-layer  if  we  apply  a  reverse  bias  Upn 
smaller  than  the  voltage  Vc.  So  the  electric  field  F,  on 
the  left  side  of  the  LT-GaAs  layer  remains  almost 
constant  for  these  voltages,  whereas  the  electric  field  on 
the  right  side  is  increasing.  The  activation  energy  for 
electrons  in  sample  B  is  larger  than  in  sample  A  due  to 
the  A1  content  on  the  left  side  of  the  LT-GaAs  layer. 
Correspondingly,  the  activation  energy  for  holes  in 
sample  B  is  smaller  than  in  sample  A.  Thus,  in  sample  B 
less  defects  have  to  be  charged  than  in  sample  A.  until 
the  hole  emission  rate  becomes  comparable  to  the 
electron  emission  rate.  So  if  the  hole  emission  rate 
becomes  comparable  to  the  electron  emission  rate  the 
Fermi  level  <Py  is  no  longer  pinned  to  <PI}  and  Ft 
increases  in  the  same  way  as  in  the  reference  sample.  The 
sheet  charge  density  caused  by  singly  charged  deep 
donors  and  acceptors  Plt*  —  0?^  —  /?^)<r/LT  or  charged 
As-precipitates  can  be  determined  from  the  increasing 
electric  field  kink,  as  mentioned  above,  using  Poisson’s 
equation  A F  =  F\ — Fr  =  p^/wc^M- 


Fig.  2.  The  n-channel  conductance  versus  applied  reverse  bias 
voltage  for  the  reference  and  the  sample  A  on  the  left  side.  The 
right  graph  shows  the  curves  for  the  sample  B. 
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Fig.  3.  The  charge  density  in  the  LT-layer  from  sample  A  and 
B  as  calculated  from  the  conductance  measurements. 


By  comparison  of  curves  obtained  from  the  LT-GaAs 
samples  and  reference  samples  one  can  directly 
deduce  the  sheet  charge  density,  depicted  in  Fig.  3. 
First  we  discuss  the  charge  carrier  density  of  sample  A. 
The  charge  carrier  density  increases  from  p^\  = 
—0.5  x  1011  cm-2  at  zero  bias  to  a  value  of 
p^j  —  0.9  x  1012cm-2  at  a  reverse  bias  of  FC=~9V. 
This  charge  carrier  density  screens  the  field  F\  on  the  left 
side  of  the  LT-GaAs  layer  and  so  the  n-layer  con¬ 
ductance  does  not  change  up  to  Vc.  For  higher  voltages 
the  sheet  charge  carrier  density  remains  practically 
constant.  This  corresponds  to  a  density 
p(3)  =  p^j/d17  =  1.15  x  1018cm-3.  At  reverse  bias  ex¬ 
ceeding  -9  V  the  field  F\  increases  at  about  the  same  rate 
as  for  the  reference  sample  (see  also  Fig.  2),  indicating 
that  there  are  no  more  electrons  in  deep  traps. 

The  charge  carrier  density  of  sample  B  increases  from 
—  -0.7  x  101 1  cm-2  at  zero  bias  (estimated  from  the 
equilibrium  band  picture  for  Upn  =  0)  to  a  value  of 
=  0.15  x  1012cm-2  at  a  reverse  bias  of  KC  =  -2V. 
From  -2  up  to  -10  V  the  charge  carrier  density  increases 
again  to  a  value  of  p(2)  =  0.3  x  1012cm-2.  For  higher 
voltages  the  sheet  charge  carrier  density  does  not 
change. 

4.  Measurement  of  the  n-channel  conductance  under 
sudden  bias  change 

In  thermal  equilibrium  the  electron  emission  rate  of 
the  deep  traps,  A^em  is  equal  to  the  electron  capture 
rate,  t.  Assuming  a  sharp  trap  level  we  have 

=  wC-*t  exp  N0T(t)Nc(T).  (1) 

Here  A E  is  the  activation  energy  for  electron  emission 
and  Nj  the  number  of  neutral  defects.  The  micro-scopic 
capturing  probability  is  related  to  the 

electron  capture  cross  section  Ec  by  wq^tNc(T)  = 
v( T)2,qNc(T),  where  v(T)  is  the  thermal  velocity  of  the 
electrons  and  Nc(T)  the  effective  conduction  band 


density  of  states.  The  electron  capture  rate  is  given  by 

<cap(0  =  v(T)I.cNdT)  exp  (2) 

where  Nj  stands  for  the  concentration  of  ionized  traps, 
Fc(jclt)  for  the  energy  of  the  conduction  band  at  the 
position  of  the  LT-GaAs  layer  xLt,  and  &n  for  the  quasi 
Fermi  level  in  the  n-layer. 

In  the  following  we  confine  ourselves  to  sample  A.  In 
Fig.  4  the  n-channel  conductance  as  a  function  of  time  is 
depicted.  During  the  first  10  ms  zero  bias  is  applied  to  fill 
the  defect  states  with  electrons.  This  time  is  sufficiently 
long  to  reach  the  equilibrium  value  p{2)  - 
-0.5  x  10u  cm-2  and  the  n-channel  conductance  rea¬ 
ches  its  equilibrium  value  as  well.  After  that  a  reverse 
voltage  Upn  is  switched  on  with  a  time  constant  less  than 
1  ms,  which  is  much  shorter  than  the  time  constant  for 
electron  escape  processes.  The  charge  p^(t)  and  there¬ 
fore  also  the  kink  in  the  electric  field  at  the  LT-GaAs 
layer  cannot  change  instantly.  Therefore,  we  observe  a 
discontinuous  decrease  of  Gnn.  Now  p^\  increases, 
according  to  Eq.  (1),  whereas  the  contributions  due  to 
Eq.  (2)  are  negligible  for  short  times.  Shortly  before  Gnn 
reaches  the  steady  state  value  corresponding  to  the 
applied  reverse  voltage  Upn  the  conductance  change  is 
slowed  down  rather  abruptly,  because  Fc(*lt)  - 
approaches  the  equilibrium  value  and  the  electron 
capture  rate  becomes  relevant  again.  This  will  occur 
soon  at  a  low  reverse  bias  and  later  at  higher  Upn  as 
shown  in  Fig.  4a. 

Note  that  the  time  constant  of  the  exponential 
behavior  is  the  same  for  all  curves.  Also,  the  transients 
occur  only  in  the  LT-GaAs  sample.  In  the  reference 
sample  no  changes  are  observable  so  we  can  be  sure  that 
the  transients  are  associated  with  the  LT-GaAs  material. 

To  determine  the  activation  energy  we  have  measured 
the  transients  for  a  bias  change  of  -8V  at  different 
temperatures.  Fig.  4b  shows  some  typical  transients  for 
a  reverse  bias  of  Upn  =  — 8V  at  different  temperatures 


Fig.  4.  The  n-channel  conductance  under  an  abrupt  bias 
change  versus  time  for  different  reverse  bias  at  room 
temperature  (a)  and  for  different  temperatures  (b). 
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Fig.  5.  The  Arrhenius  plot  for  the  time  constants. 


with  the  corresponding  exponential  fits.  The  analysis  of 
the  exponential  part  provides  the  characteristic  time 
constants.  In  Fig.  5  the  Arrhenius  plot  of  the  time 
constants  is  depicted.  Under  the  assumption  of  a  T2 
dependence  of  the  prefactor  we  deduce  an  activation 
energy  ET  —  (710  +  60)  meV  and  an  electron  capture 
time  constant  rcap%  I/A't»'c-t^2x10  n±I  s. 

This  activation  energy  close  to  midgap.  and  the  time 
constants  favor  the  interpretation  that  we  observe  the 
effects  of  AsG;i-antisite  defects  and  not  of  the  As- 
precipitates.  Also  the  density  of  clusters 
(1.5  x  10! '  cm”3)  is  hardly  compatible  with  the  large 
value  of  space  charge  in  the  LT-GaAs  layer 
(1.15  x  I01*  cm-3). 


5.  Conclusions 

The  investigation  of  the  n-channel  conductance  of  a 
pin  diode  with  an  embedded  LT-GaAs  layer  is  a 
versatile  technique  to  characterize  the  deep  defects  in 
LT-GaAs.  We  have  deduced  a  concentration  of  deep 
traps  Nj  =  1.15  x  10Iscm~\  with  an  activation  energy 
ET  =  (710  +  60)  meV.  In  particular  we  point  out  that  the 
electron  capturing  time  constant  of  tcap  =  2  x  1 0 1  ^ - 1  s 
agrees  well  with  the  value  obtained  from  optical  fs-pulse 
experiments.  Further  studies  will  be  devoted  to  samples 
with  modified  design.  The  results  obtained  from  sample 
B,  e.g.,  indicate  that  also  hole  emission  can  be  studied  in 
samples  with  suitable  design. 
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Abstract 

Defects  in  p-InGaP  produced  by  low-energy  protons  have  been  investigated  by  deep-level  transient  spectroscopy 
(DLTS).  A  new  majority-carrier  (hole)  trap  HP1  has  been  observed  in  low-energy  proton-irradiated  p-InGaP 
at  0.90  +  0.05  eV  above  the  valance  band  for  the  first  time.  The  HP1  introduction  rate  for  100-keV  proton-irradiated 
p-InGaP  is  1500  cm-1,  which  is  6  times  higher  than  that  (260  cm-1)  for  the  380-keV  proton-irradiated  one.  Isochronal 
annealing  is  found  to  annihilate  the  proton-induced  HP1  defect  above  300°C  that  is  higher  than  the  annealing 
stage  (100°C)  for  1-MeV  electron-induced  H2  center  in  p-InGaP.  The  carrier  removal  rates  are  found  to  be  61433 
and  8640  cm-1  for  100  and  380-keV  proton  irradiation,  respectively.  Proton  energy-dependent  effects  include  decrease 
in  both  the  carrier  removal  rate  and  in  the  defect  introduction  rate  with  increase  in  proton  energy  by  creating  HP1  trap. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Studies  of  radiation  effect  in  Ino.5Gao.5P  materials 
have  become  vital  as  a  high-efficiency  solar  cell  for  space 
application  [1-3].  Recently,  1-MeV  electrons  and  3-MeV 
protons  irradiation  effects  in  InGaP  have  been  reported 
by  the  authors  and  others  in  Refs.  [4-6].  Radiation- 
induced  defects  and  the  carrier  removal  effects  are  the 
important  investigations  to  evaluate  the  performance  of 
solar  cells  for  their  use  in  space,  however,  no  reports 
were  available  on  the  aspects  of  the  carrier  removal 
effect  and  the  nature  of  defects  in  p-InGaP  by  low- 
energy  proton  irradiation.  Proton-induced  displacement 
damage  generally  increases  with  decreasing  particle 
energy  [7].  Therefore,  the  contribution  of  low  energy 
(<  1  MeV)  protons  to  the  total  degradation  of  solar  cells 
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in  a  space  environment  containing  protons  with  energies 
ranging  from  a  fraction  of  keV  to  hundreds  of  MeV 
could  be  quite  significant.  In  this  paper,  we  present  the 
investigation  on  the  low-energy  proton-induced  deep 
level  defects  in  n+/p  InGaP  solar  cells. 


2.  Experimental  procedure 

Ino.5Gao.5P  layers  were  grown  on  Zn-doped  GaAs 
substrates  with  orientation  of  5°  off  (1  0  0)  towards  [011] 
direction  by  the  metallorganic  chemical  vapor  deposi¬ 
tion  (MOCVD)  method.  For  deep-level  transient  spec¬ 
troscopy  (DLTS)  measurement,  n  +  /p  junction  with 
junction  depth  of  0.05  pm  and  area  of  9  pm2  diodes 
were  fabricated  with  base  carrier  concentration  of 
6.6  x  1016cm-3.  Samples  were  irradiated  with  100  and 
380  keV  protons  for  the  fluences  of  1  x  1010- 
5  x  1012cm-2  at  room  temperature  using  a  400 kV  ion 
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implanter.  These  diodes  were  characterized  with  DLTS 
and  capacitance-voltage  (C~V)  measurements  to  find 
out  the  generations  of  defect  levels  and  changes  in  the 
carrier  concentration,  respectively.  Isochronal  annealing 
has  been  carried  out  on  the  irradiated  diodes  for  30  min 
under  inert  atmosphere.  The  projected  range  calculated 
by  stopping  and  range  of  ions  in  matter  (SRIM  [8])  for 
100  and  380  keV  protons  into  InGaP  are  0.6  and  3.0  pm, 
respectively. 


3.  Results  and  discussion 

3.1.  Deep-level  defee t 

DLTS  spectra  of  the  pre-irradiated  and  proton- 
irradiated  p-InGaP  layer  are  shown  in  Fig.  1.  It  was 
recorded  with  reverse  bias  2  V  and  filling  pulse  width 
1  ms  and  diodes  scanned  for  the  temperature  range  from 
70  to  500  K.  In  the  pre-irradiated  p-InGaP,  only  two 
minority-carrier  (electron)  peaks  El  and  E2  were 
observed  below  room  temperature.  Arrhenious  plots 
used  for  the  calculation  of  emission  energy  of  the 
observed  traps  are  shown  in  Fig.  2.  Also,  the  native 
minority-carrier  traps  El  and  E2  appeared  at  Ec  =  0.20 
and  0.36  eV  below  the  conduction  band,  with  concentra¬ 
tions  of  2.3  x  10 15  and  5  x  10,4cm  \  respectively,  and 


Fig.  1.  DLTS  spectra  of  pre-irradiated  and  100-kcV  proton 
(5  x  10M  cm  2)-ir radiated  p-InGaP  layer. 


Fig.  2.  Arrhenious  plots  used  to  calculate  the  activation 
energies  for  emission  processes  from  traps  El  and  HP1.  E2 
did  not  change  with  emission  rate. 


there  were  no  majority-carrier  peaks.  The  trap  El  that 
appeared  during  both  majority  and  minority-carrier 
scans  is  attributed  to  the  DX  center  [4].  The  peak  E2 
could  not  be  accurately  evaluated,  as  it  did  not  change 
with  emission  rate  but  its  energy  was  in  the  range  of 
0.36 eV.  A  detailed  characteristic  of  the  native  traps  El 
and  E2  are  discussed  by  the  authors  in  Ref.  [4], 

On  the  low-energy  proton-irradiated  p-InGaP,  a  new 
majority-carrier  (hole)  trap  labeled  HP1  has  been 
observed  in  p-InGaP  at  0.90  + 0.05  eV  above  the  valance 
band  for  the  first  time.  The  HP1  majority-carrier  trap 
appears  at  EV  +  O^OeV  for  both  100  and  380 keV 
proton-irradiated  p-InGaP,  which  means  that  the  same 
kind  of  defect  is  produced  for  two  different  energies  of 
proton  irradiation.  Majority-carrier  traps  in  1-MeV 
electron  and  3-MeV  proton-irradiated  p-InGaP  have 
been  reported  by  the  authors  in  Ref.  [4]  and  others  in 
Refs.  [5,6].  In  all  these  reports,  the  traps  appear  at 
relatively  lower  temperature  compared  to  the  present 
low-energy  proton-induced  hole  trap.  All  this  betokens 
that  the  defects  induced  by  low-energy  protons  are  of  a 
different  kind  than  that  of  the  high-energy  proton  and 
electron-induced  defects  in  p-InGaP. 

Fig.  3  shows  the  HP1  trap  concentration  as  a  function 
of  proton  fluence  and  thermal  annealing  temperature. 
HP1  trap  concentration  increases  with  increasing  proton 
fl uences.  The  amplitude  of  HP1  peak  provides  the 
concentration  Nr  and  thus  the  introduction  rate  I,  = 
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Fig.  3.  HP1  trap  concentration  observed  by  DLTS  as  a 
function  of  proton  fluence  and  thermal  annealing  temperature. 


Fig.  4.  Isochronal  annealed  DLTS  spectra  of  the  100  keV 
proton-irradiated  p-InGaP  layer  for  the  fluence  of 
5  x  10l2cm-2. 


Nt/c where  0  is  the  proton  fluence.  The  calculated 
HP1  defect  introduction  rate  for  lOOkeV  proton- 
irradiated  p-InGaP  is  1500  cm-1,  which  is  6  times  higher 
than  that  (260  cm-1)  for  the  380  keV  proton-irradiated 
sample.  However,  the  introduction  rate  decreases  with 
increasing  proton  fluences. 

To  identify  the  origin  of  HP1  defect,  thermal 
annealing  experiments  were  carried  out  on  the  irradiated 
diodes.  Upon  isochronal  annealing,  it  is  found  that  the 
proton-induced  defect  HP1  is  annihilated  and  the 
minority-carrier  trap  El  increases  with  increasing 
annealing  temperature  (Fig.  4).  The  concentration  of 
HP1  begins  to  decrease  for  the  annealing  temperature 
above  300°C  for  30  min  (Fig.  3),  whose  annealing  stage 
is  higher  than  that  (100°C)  of  the  1-MeV  electron- 
induced  H2  center  in  p-InGaP  [4].  The  high  temperature 
annealing  indicates  that  the  HP1  defect  may  be  due  to 
phosphorus-related  vacancy  complexes.  Other  possible 
defects  such  as  In-  or  Ga-related  vacancies  are  expected 
to  anneal  out  at  room  temperature  because  of  their 
lower  migration  energy.  It  has  been  reported  that 
phosphorus  vacancy  (VP)  related  interface  trap  is 
distributed  in  the  energy  range  of  0.5-0.9eV  below  the 
conduction  band  in  InGaP  and  the  Vp-related  defects 
are  expected  to  offer  both  acceptor  and  donor  levels  [9]. 
Therefore,  HP1  defect  is  most  likely  to  arise  from  the 
phosphorus  vacancy-related  complex,  as  the  energy 
matches  with  trap  levels  reported  in  Ref.  [9].  However, 


further  work  is  underway  to  elucidate  the  properties  and 
the  exact  origin  of  the  HP1  defect. 


3.2.  Carrier  removal  rate 


To  find  out  the  HP1  defect  influence  on  the  carrier 
concentration  of  the  proton-irradiated  p-InGaP,  capa¬ 
citance-voltage  ( C-V)  measurements  were  carried  out. 
The  change  in  carrier  concentration  measured  by  C-V  at 
room  temperature,  as  a  function  of  proton  fluence  is 
shown  in  Fig.  5.  It  is  seen  that  there  is  a  remarkable 
decrease  in  carrier  concentration  of  p-InGaP  base  layer 
as  a  function  of  proton  fluences  for  100  and  380-keV 
protons.  The  carrier  removal  rate  Rc  is  determined  by 
fitting  the  curve  to  Eq.  (1): 


P<j>  =p0  exp 


(1) 


where  po  is  the  initial  carrier  concentration,  p $  is  the 
carrier  concentration  as  a  function  of  proton  fluences,  (j) 
is  the  proton  fluence  and  Rc  is  the  carrier  removal  rate. 
The  carrier  removal  rates  for  100  and  380-keV  protons 
were  61433  and  8640  cm-1,  respectively.  These  are  very 
high  rates  compared  to  the  carrier  removal  rate  of 
0.93  cm-1  for  1-MeV  electron-irradiated  p-InGaP  [4]. 
Carrier  removal  rate  also  depends  on  proton  energy  and 
it  is  observed  to  increase  with  decreasing  proton  energy. 
The  carrier  removal  rate  is  7  times  higher  for  100-keV 
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Fig.  5.  Analytical  and  experimental  changes  in  carrier  concen¬ 
trations  of  100  and  380-keV  proton-irradiated  p-lnGaP  layer, 
as  a  function  of  proton  fluence. 


time,  low-energy  proton-induced  new  majority-carrier 
(hole)  trap  HP1  in  p-InGaP  has  been  observed  at 
0.90  + 0.05  eV  above  the  valance  band.  The  introduc¬ 
tion  rates  and  possible  origin  of  HP1  defect  have 
been  reported.  Isochronal  annealing  has  been  found 
to  annihilate  the  proton-induced  HP1  defect  above 
300  C  that  is  higher  compared  to  the  annealing  stage 
for  1-MeV  electron-induced  H2  center  in  p-InGaP. 
Carrier  removal  rates  have  also  been  found  to  be 
61433  and  8640  cm  1  for  100  and  380-keV  proton- 
irradiated  p-InGaP,  respectively.  Proton  energy- 
dependent  effects  include  decrease  in  both  the 
carrier  removal  rate  and  the  defect  introduction 
rate  with  increase  in  proton  energy  by  creating  HP1 
trap. 
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protons  compared  to  380-keV  protons,  while  the  HP1 
defect  introduction  rate  for  100-keV  protons  is  6  times 
higher  than  that  for  380-keV  protons.  However,  it  is 
difficult  to  explain  larger  carrier  removal  rates  (61433 
and  8640cm  !)  for  100  and  380-keV  protons  by  creating 
only  HP1  defect  with  lower  defect-introduction  rates 
(1500  and  260  cm  !)  for  100  and  380-keV  protons. 
Further  study  is  necessary  to  delineate  other  centers  in 
p-InGaP.  As  a  result  of  the  decrease  in  the  carrier 
concentration  by  creating  deep-level  defects  such  as  HP1 
defect  in  the  p-InGaP  layer  with  proton  irradiation,  a 
significant  increase  in  the  series  resistance  of  the  InGaP 
cell  is  induced.  Therefore,  an  increase  in  the  series 
resistance  of  the  InGaP  cell  is  thought  to  be  one  of  the 
causes  for  the  decreases  in  solar  cell  properties. 


4.  Conclusions 

In  conclusion,  deep-level  defects  in  proton-irradiated 
p-InGaP  have  been  characterized  by  DLTS.  For  the  first 
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Abstract 

Results  of  a  study  are  presented  on  the  degradation  of  InGaAsP  laser  diodes  by  high-temperature  y-ray  and  electron 
irradiation.  It  is  shown  that  the  optical  power  decreases  after  irradiation.  One  hole  trap  is  observed  in  the 
Ino.76Gao.24Aso.55Po.45  multi-quantum  well  active  region  after  room-temperature  y-  or  e“-irradiation.  The  deep  levels 
are  thought  to  be  associated  with  the  Ga-vacancy.  The  decrease  of  the  optical  power  is  ascribed  to  the  carrier  removal 
and  to  the  mobility  reduction  by  carrier  scattering,  through  the  induced  lattice  defects.  The  change  of  device 
performance  and  the  introduction  rate  of  lattice  defects  decrease  with  increasing  irradiation  temperature.  The  optical 
power  after  a  200°C  irradiation  is  nearly  identical  as  before,  for  the  fluence  range  studied.  ©  2001  Elsevier  Science  B.V. 
All  rights  reserved. 

Keywords:  InGaAsP  laser  diode;  Radiation  damage;  Induced  deep  levels 


The  In1_.YGavAs,P|_v/InP  semiconductor  system  has 
attained  much  interest  for  optoelectronic  devices  in  the 
0.95-1.65  pm  wavelength  region.  Such  detectors  are 
good  candidates  for  use  in  the  telecommunication 
system  of  a  spacecraft.  Therefore,  it  is  worthwhile  to 
investigate  the  operation  of  such  photodevices  in  a 
radiation  environment.  Some  results  on  the  radiation 
damage  of  laser  diodes  by  proton  and  neutron  irradia¬ 
tion  have  been  reported  before  e.g.  Refs.  [1,2]. 

In  the  present  paper,  results  are  presented  of  an 
extensive  study  on  the  degradation  of  InGaAsP  laser 
diodes  by  y-ray  and  2MeV  electron  irradiation.  The 
data  are  compared  with  previous  neutron  irradiation 
results  [2].  In  addition,  the  impact  of  the  irradiation 
temperature  is  investigated,  to  assess  the  device  beha¬ 
viour  in  extreme  space  conditions  (100°C  and  200°C). 


*Corresponding  author.  Tel. /fax:  +81-96-242-6079. 
E-mail  address:  ohyama@ee.knct.ac.jp  (H.  Ohyama). 


1.3  pm  InGaAsP  double  channel  planar  buried 
hetero-structure  (BH)  laser  diodes  with  an 
Ino.76Gao.24Aso.55Po.45  multi-quantum  well  (MQW) 
active  region  were  used  in  this  study.  The  thickness  of 
the  MQW  active  region  fabricated  by  MOVPE  is 
0.22  pm.  Diodes  were  fabricated  by  a  two-step  LPE 
process.  Pairs  of  7pm-wide  and  3pm-deep  channels 
were  formed  by  chemical  etching  to  make  a  stripe  mesa 
on  a  double  heterostructure  wafer  which  consisted  of  an 
n-InP  buffer  layer,  an  undoped  InGaAsP  active  layer 
and  a  p-InP  cladding  layer  on  a  (00  1)  n-InP  substrate. 
CrAu/TiPtAu  and  AuGeAuNi/TiAu  were  evaporated 
for  anode  and  cathode  contacts,  respectively.  Fig.  1 
shows  the  schematic  structure  of  the  used  InGaAsP  laser 
diodes.  More  detailed  on  the  diode  process  are  described 
in  previous  paper  [2]. 

Diodes  were  irradiated  by  an  8150.1  TBq  60Co  source 
at  Takasaki  JAERI.  The  fluence  of  the  y-ray  was 
1  x  107rad  (Si).  Packaged  diodes  were  also  irradiated 
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with  2-MeV  electrons  to  a  fluence  of  1  x  10l5e/cnr 
produced  by  the  Dynamitron  at  Takasaki  JAERI.  The 
sample  temperature  was  fixed  at  20  C,  100X  or  200  X 
and  was  controlled  by  a  panel  heater,  mounted  in  a 
chamber  with  a  Ti  window  of  50  pm  thickness. 

Before  and  after  irradiation,  the  current/voltage  (I /V) 
and  capacitance/voltage  ( CjV )  characteristics  of  the 
diodes  were  measured  at  room  temperature.  The  optical 
power  (Pi)  as  a  function  of  forward  current  (/,.)  was 
also  characterised  at  300  K.  Fig.  2  shows  the  typical 
Pi/Iy  characteristics  before  irradiation.  As  shown  in 
this  figure,  the  threshold  current  (/lh)  before  irradiation 
is  around  9.4mA.  The  induced  deep  levels  in  the 
Inu.76Gao.24Aso.55Po.45  MQW  active  region  were  studied 
using  the  deep  level  transient  spectroscopy  (DLTS) 
method  in  the  temperature  range  between  77  and  300  K. 
The  emission  rate  window  used  in  the  measurements 
ranged  from  1.18  to  26.51  ms.  The  applied  filling  pulse 


TEMPERATURE  ( K ) 

Fig.  2.  DLTS  spectra  of  InGaAsP  laser  diodes  for  y-ray 
irradiations  at  different  device  temperatures. 


ranged  from  —1  to  0  V,  allowing  to  observe  electron 
capture  levels,  and  from  -1  to  0.8  V  to  observe  hole 
capture  levels  as  well. 

Fig.  2  shows  the  typical  DLTS  spectra  for  hole  traps 
in  the  In()76Ga0  24AS0 .55P0.45  MQW  active  region  of 
InGaAsP  laser  diodes  before  and  after  a  y-ray  irradia¬ 
tion,  at  different  device  temperatures.  One  hole  trap  with 
near  mid  gap  energy  level  (//,  (Ev  -I-  0.49  eV))  is 
observed  after  y-ray  irradiation  at  20X,  while  two  hole 
capture  levels  are  induced  by  a  1-MeV  neutron 
irradiation  [2].  The  deep  level  in  Fig.  2  is  thought  to  be 
associated  with  the  Ga-vacancy.  After  a  200  C  irradia¬ 
tion,  the  levels  are  not  observed,  within  the  measurement 
resolution.  The  decrease  of  the  optical  power  is  ascribed 
to  the  induced  lattice  defects  in  the  In„.76. 
Gao.24Aso.55P,, i45  MQW  active  region.  The  change  of 
the  device  performance  and  the  introduction  rate  of  the 
lattice  defects  decrease  with  increasing  irradiation 
temperature.  This  correlates  with  the  behavior  of  the 
hole  trap,  suggesting  it  to  be  mainly  responsible  for  the 
degradation  of  the  optical  power  as  mentioned  below. 

Both  the  reverse  and  forward  current  increase  after 
irradiation.  As  shown  in  Fig.  3,  the  optical  power 
decreases  after  a  1-MeV  fast  neutron  irradiation  at 
room  temperature,  while  the  threshold  current  increases 
[2].  The  reason  for  the  positive  shift  of  the  threshold 
current  is  mainly  related  to  the  decrease  of  the  electron 
density  due  to  the  formation  of  radiation-induced  lattice 
defects  in  the  Ino^Gao^Asu.ssPo^  MQW  active 
region.  The  capacitance  also  decreases  after  irradiation. 
Two  hole  capture  traps  //]  (£r  +  0.25eV)  and  H: 
(£F  4- 0.49eV)  are  observed  after  a  1  x  10l6n/cnr 
irradiation.  These  deep  levels  are  thought  to  be 
associated  with  a  Ga  vacancy.  The  decrease  of  optical 


Fig.  3.  Influence  of  I-McV  neutron  irradiation  at  room 
temperature  on  P\Jly  characteristics. 
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power  is  related  to  the  induced  lattice  defects  in  the 
In0.  76Ga0.24A.S0.55P0.45  MQW  active  region,  causing  a 
reduction  of  the  non-radiative  recombination  lifetime 
and  of  the  mobility  due  to  carrier  scattering  [2]. 

Figs.  4(a)  and  (b)  shows  the  typical  Py/Ip  character¬ 
istics  for  different  irradiation  temperatures  and  corre¬ 
sponding  with  y-ray  and  2-MeV  electron  exposures, 
respectively. 

One  can  calculate  the  damage  coefficient  of  Py  at 
Ip  =  20  mA  for  different  radiation  sources  at  room 
temperature  irradiation,  defined  by  the  following  equa¬ 
tion  [3]. 

Pl(4>)  =  Pl(0)  4-  KpL  </),  (1) 

where  Py{<f>)  and  Pl(0)  are  the  Py  after  and  before 
irradiation,  respectively,  (f)  is  the  fluence. 


£ 
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(a) 


FORWARD  CURRENT  (  mA  ) 


(b)  FORWARD  CURRENT  ( mA  ) 

Fig.  4.  Pp/Ip  characteristics  for  different  irradiation  tempera¬ 
ture  for  y-ray  (a)  and  2-MeV  electron  (b)  irradiated  InGaAsP 
laser  diodes. 


The  equivalent  1-MeV  electron  fluence  for  1  rad 
y-rays  is  1.08  x  107e/cm2  [4].  KPl  for  neutron,  electron 
and  gamma  (equivalent  1-MeV  electrons)  irradiation  is 
calculated  to  be  -3.4  x  10^13n_1  mWcm2,  -6.4  x 
10-,5e_1mWcm2  and  -8.3  x  10_16e“1mWcm2,  re¬ 
spectively.  The  K  value  for  neutrons  is  about  three 
orders  of  magnitude  larger  than  the  one  for  electrons. 
The  non-ionizing  energy  loss  (NIEL)  of  GaAs  for 

1- MeV  neutron  and  1-MeV  electron  irradiation  is 
calculated  to  be  0.8  x  10~3  and  1.8  x  10_6MeVcm2g~1, 
,  respectively.  Based  on  this  consideration,  the  radiation 
source  dependence  of  the  performance  degradation  is 
attributed  to  the  difference  of  mass  of  the  incident 
particle  and  the  possibility  of  nuclear  collision  for  the 
formation  of  lattice  defects  [5], 

Fig.  5  shows  the  normalized  Py  at  Ip  =  20  mA  as  a 
function  of  irradiation  temperature  for  y-rays  and 

2- MeV  electrons.  The  optical  power  after  a  200°C 
irradiation  is  nearly  identical  as  before.  The  same 
tendency  was  observed  for  the  I/V  characteristics. 
Consequently,  during  high-temperature  exposure,  ther¬ 
mal  annealing  of  the  radiation  damage  takes  place  at  the 
same  time,  reducing  the  device  degradation. 

In  conclusion,  the  optical  power  decreases  after 
irradiation,  while  the  threshold  current  increases.  One 
hole  capture  trap  with  near  mid  gap  energy  level  is 
observed  y  or  electron  after  irradiation.  The  deep  level 
is  thought  to  be  associated  with  the  Ga  vacancy.  The 
degradation  of  the  diode  performance  for  neutron 
irradiation  is  about  three  orders  of  magnitude  larger 
than  for  electron  irradiation.  The  radiation  source 
dependence  of  the  performance  degradation  is  attributed 
to  the  difference  of  mass  of  the  incident  particle  and  the 
possibility  of  nuclear  collision  for  the  formation  of 


Fig.  5.  Normalized  PL  at  Ip  =  20  mA  as  a  function  of 
irradiation  temperature  for  y-rays  and  2-MeV  electrons. 


1188 


H.  Ohyama  cl  al.  /  Physica  B  308  310  (2001)  1185  -1188 


lattice  defects.  The  decrease  of  the  optical  power 
becomes  smaller  for  higher  device  temperatures.  The 
optical  power  after  a  200' C  irradiation  is  nearly 
identical  as  before,  in  the  fluence/dose  range  studied. 
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Abstract 

Deep  traps  are  studied  in  MBE  grown  n-Al  vGai  _  VN  Schottky  photodiodes  using  deep  level  transient  spectroscopy 
(DLTS).  These  daylight  blind  UV  photodetectors  have  cut-off  wavelengths  of  300  and  250  nm,  for  x  =  0.12  and  0.41, 
respectively.  Other  investigations  of  deep  centers  are  those  by  Gotz  et  al.  who  studied  MOCVD  Alo.12Gao.8sN  (Appl. 
Phys.  Lett.  69  (1996)  2379);  and  by  Polyakov  et  al.  who  looked  at  p-AlGaN  using  an  AlGaN/GaN  heterojunction  LED 
p-i-n  structure  (Solid  State  Electron.  43  (1999)  1929).  Our  photodiodes  were  MBE  grown  with  carrier  density  (5- 
9)  x  1017cm-3.  We  detect  two  levels,  EOA2  and  EOA1  in  each  photodetector,  below  320  K,  independent  of  the  Al  mole 
fraction,  x.  For  AlvGai_YN  with  x  =  0.41,  EOA2  has  a  DLTS  signature  (Eq~ 0.567eV;  1.1  x  10-I4cm2)  while  the 
signature  for  the  second  defect,  EOA1,  is  (Ec~ 0.274 eV;  3.1  x  10~,3cm2).  From  a  comparison  with  as-grown  defects 
in  MBE  grown  n-GaN,  it  would  appear,  based  on  DLTS  signatures  that  EOA1  is  the  same  as  E]  (Ec -0.234  eV) 
observed  by  Wang  et  al.  (Appl.  Phys.  Lett.  72  (1998)  1211)  and  EOA2  is  the  0.61  eV  level  reported  by  Gotz  et  al. 
(Appl.  Phys.  Lett.  69  (1996)  2379).  Furthermore,  proton  irradiation  introduces  an  additional  electron  trap,  EpRl, 
at  0.187eV.  We  also  determine  that  He-ions  remove  carriers  in  AlGaN,  at  a  rate  of  23  770  cm"1,  eighty  times  higher 
than  in  GaN.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Aluminium  gallium  nitride;  Defects;  UV  photodetectors 


The  Ill-Nitrides  with  bandgap  energy  2-6.2  eV,  are 
fast  becoming  the  materials  of  choice  for  optoelectronic 
applications  in  the  blue  to  ultra  violet  (UV)  region.  In 
particular,  recent  successes  [1]  with  very  low  cut-off 
wavelength  (~230nm)  AlYGai_YN-based,  visible-blind 
UV  photodetectors,  can  open  up  new  avenues  for  space 
applications.  Potential  applications  include  highly  sensi¬ 
tive  missile  plume  detectors,  flame  detectors,  ozone 
monitoring  and  secure  space  communications.  The 
materials  system  is  also  known  for  its  insensitivity  to 
environmental  factors:  e.g.  corrosion  and  temperature. 
Temperature  extremes  ±200°C  and  particle  irradiation 
from  a  few  eV  to  MeVs  are  characteristic  of  the  outer 
space  environment. 

We  know  from  Silicon,  GaAs  and  GaN  how  defects 
influence  device  performance.  This  knowledge  is  essen- 
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tial  for  predicting  device  failure  and/or  engineering 
desired  properties  in  devices.  From  the  limited  investiga¬ 
tions  into  deep  levels  in  AlYGai_.YN  photodetectors,  we 
know  that  defects  are  responsible  for  the  UV/visible 
contrast,  the  noise  equivalent  power  (NEP)  and  the 
device  response  speed  [2,3].  For  example,  GaN-based 
photodetectors  grown  with  a  GaN  or  AIN  nucleation 
layer  have  sharper  cut-off  wavelengths  and  an  enhanced 
UV/visible  rejection  than  those  grown  directly  on 
sapphire  substrates.  However,  the  device  structure  also 
influences  device  properties.  For  example,  whereas 
photoconductors  have  a  slow  response  of  the  order  of 
milliseconds,  Schottky  photodetectors  have  typically 
fast  response  times  of  the  order  of  nanoseconds. 

Gotz  et  al.  [4]  detected  a  prominent  deep  level  at 
0.61  eV  below  the  conduction  band  of  MOCVD 
AlYGa]_YN  (x  =  0.12).  They  believed  it  to  be  the  same 
as  the  0.58  eV  deep  level  in  as-grown  GaN.  To  our  best 
knowledge,  there  are  no  DLTS  reports  on  “as  grown”  or 
particle  irradiation  induced  deep  levels  in  MBE 
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Al.vGaj_  .vN  Schottky  photodetectors.  In  this  study  we 
observed  that:  the  presence  of  as-grown  defects,  EOA1 
and  EOA2  in  MBE  Al  vGaj  VN  is  independent  of  the  Al 
mole  fraction;  EOA2  is  similar  to  the  level  reported  by 
Gotz  et  al.  [4]  in  MOCVD  AlGaN;  and,  EOA1  is  similar 
to  a  level  at  £c  -0.234 eV  that  we  detect  in  MBE  GaN. 
We  also  characterized  a  proton  irradiation  induced  level, 
EpRl.  We  also  performed  dose  dependency  experiments 
and  determined  the  carrier  removal  rate  of  1 .8  MeV  He- 
ions,  which  is  about  80  times  greater  than  for  GaN 
similarly  irradiated. 

The  photodetector  diodes  used  were  metal/ 
AlvGaj  VN  Schottky-type  structures  with  cut-off  wave¬ 
lengths  of  250  and  300  nm,  corresponding  to  Al  mole 
fraction  x  =  0.41  and  0.12.  The  photodetectors  were 
grown  on  sapphire  substrates  with  a  thin  low  tempera¬ 
ture  AIN  nucleation  layer.  A  lOOOnm  thick  n'1 - 

AlvGaj . VN  Si-doped  region  was  deposited  in  between 

the  AIN  nucleation  layer  and  the  500  nm  n-AlvGaj  VN 
Si-doped  active  layers.  The  free  carrier  concentration  in 
the  active  layers  were  determined  by  conventional 
capacitance-voltage  (C—  V)  measurements  to  be  in  the 
range  (5-9)  x  10,7cm"3.  A  10 nm  semi-transparent  Au 
Schottky  contact  facilitated  the  gathering  of  light  by  the 
diodes  while  a  recessed  alloyed  Ti/Al  contact  on  the  n  '* 
layer  acted  as  the  ohmic. 

A  van  de  Graaff  accelerator  was  used  for  both 
1.8  MeV  protons  and  1.8  MeV  He-ion  irradiations. 
During  the  particle  irradiation,  the  sample  temperature 
did  not  rise  above  a  few  degrees  from  room  temperature. 
A  lock-in-amplifier  (LIA)  based  DLTS  [5,6]  system  with 
a  closed-cycle  liquid-Helium  cooled  cryostat  capable  of 
spanning  the  20-350  K  range  was  employed  for  defect 
characterization.  The  DLTS  defect  “signatures”  which 
consist  of  the  energy  position,  £T,  of  the  defect  in  the 
bandgap  together  with  the  defect’s  majority  carrier 
capture  cross  section,  crn,  were  extracted  from  Arrhenius 
plots  of  e/T 2  vs.  l/7\  where  e  is  the  defect’s  emission 
rate  at  a  temperature  T. 

The  photodetectors  we  used  had  responsivities 
—  0.01  A/W  and  we  typically  measured  room  tempera¬ 
ture  currents  of  ~  10  K  A  with  the  diode  at  1  V  reverse 
bias.  DLTS  spectra  of  the  diodes  before  particle 
irradiation  show  the  presence  of  two  “as  grown”  peaks, 
labeled  EOA1  and  EOA2  as  depicted  in  Fig.  1.  For  the 
AlvGaj.  VN  photodetectors  we  looked  at,  i.e.  with  cut¬ 
off  wavelengths  of  300  nm  (,y  =  0.41)  and  250  nm 
(.y  =  0.12),  EOA2  was  always  the  most  prominent 
defect.  Flowever,  for  .y  =  0.41  the  FWHM  for  EOA1 
and  EOA2  are  broader  than  for  the  same  defect  set  in 
Al  vGaj  VN  with  a*  =  0.12.  We  also  find  that  EOA1  and 
EOA2  are  uniformly  distributed  (in  the  area  probed  by 
DLTS)  as  shown  by  the  inset  in  Fig  1 .  The  depth  profile 
in  the  inset  was  obtained  using  the  fixed  bias  variable 
pulse  mode  of  DLTS  and  the  formalisms  of  Zohta  [7]. 
We  recorded  the  DLTS  spectra  of  Fig  1  at  a  quiescent 


Fig.  1.  DLTS  spectra  of  the  Schottky  diodes  before  particle 
irradiation  showing  the  presence  of  EOA1  and  EOA2.  The 
spectrum  was  recorded  with  the  sample  at  a  quiescent  reverse 
bias  of  0.5  V  and  filling  pulse  of  0.6  V  at  a  LIA  of  22  Hz.  The 
inset  is  the  DLTS  depth  profile  of  EOA1  and  EOA2  recorded 
using  the  fixed  bias  variable  pulse  mode  of  DLTS. 


reverse  bias  of  0.5  V  and  a  pulse  amplitude  of  0.6  V,  a 
pulse  width  of  0.2  ms  at  an  LIA  frequency  of  22  Hz. 

Using  the  LIA-based  DLTS  between  20  and  320  K,  we 
have  determined  the  defect  signatures  of  the  as-grown 
defects  as:  (£c— 0.567eV;  1.1  x  10“ 14  cm2)  and 
(£(  -0.274 eV;  3.1  x  10  1 3  cm2)  for  EOA2  and  EOA1. 
respectively,  for  a*  =  0.41;  and,  £c  —  0.537  eV; 
7.2x10  14cnr  and  £c-0.159eV;  1.1  x  10“,6cm2  for 
EOA2  and  EOA1,  respectively,  for  x  =  0.12.  The 
prominent  defect  EOA2  is  similar  to  the  0.61  eV  defect 
detected  in  AlvGa|...vN  x  =  0.12  by  Gotz  et  al.  [4].  The 
differences  in  the  measured  values  could  be  accounted 
for  by  alloy  broadening.  Another  possibility  is  the 
enhancement  of  the  defects’  emission  rates  by  the  electric 
field  due  to  high  doping  levels.  From  a  comparison  with 
an  as-grown  defect  we  detected  at  0.262  eV,  with  a 
capture  cross  section  of  8.6  x  10  13 cm2  in  MBE  grown 
n-GaN,  it  would  appear,  based  on  DLTS  signatures  that 
EOA1  is  the  same  as  E\  (£c  -0.234  eV)  observed  by 
Wang  et  al.  [8].  Table  1  summarizes  DLTS  data  for  the 
deep  levels  detected  in  the  AlvGai  VN  UV  Schottky 
photodetectors. 

From  TRIM95  simulations,  the  projected  range  of 
1.8  MeV  protons  is  greater  than  the  3.6  pm  for  1.8  MeV 
He-ions,  which  in  turn  lies  outside  the  active  region  of 
our  diodes.  After  irradiation  with  1.8  MeV  He-ions,  the 
resulting  spectra  is  no  different  from  the  one  shown  in 
Fig.  1.  However,  after  proton  irradiation,  we  detected  a 
small  peak,  EpRl,  on  the  lower  temperature  side  of 
EOA1 .  EpRl  was  detected  using  a  pulse  width  of  500  ps 
and  a  much  higher  LIA  frequency  of  1200  Hz.  Fig.  2  is 
an  Arrhenius  plot  of  e/T2  vs.  l/7\  where  e  is  each 
defect’s  emission  rate  at  a  temperature  T.  Since  we  do 
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Table  1 

A  summary  of  DLTS  data  for  the  deep  levels  detected  in  AlvGaj  _AN  the  UV  Schottky  photodetectors 


Growth 

Ec  -  Et  (eV);  <rn 

Details 

Structure 

Ref. 

MOVPE 

4+1  x  1016cm~3  DLN2  dominant 

0.61 +0.02  eV;  5x  10  15  cm2 
and  E  field  dep.  =+  deep  donor  level 

4.2  x  1016cm~3  OLNi  0.77 eV  O-DLTS 
(Thought  to  be  DLN2)  ~1014cm“3  DNLj 
(not  characterized) 

4.1  x  1016cm-3  OLN2  0.83 eV  O-DLTS 

1.9  x  10,6cm-3  OLN3  1.01  eV  O-DLTS 

Nd  =  3  x  10l7cm~3 

AIo.12Gao.88N/SiC 

n-AlGaN/n  +  - 
AlGaN//SiC 

W.  Gotz  et  al.  [8] 

MBE 

(SVTA) 

EOA1  0.274 eV;  3.1  x  10"13cm2  DLTS 

EOA2  0.567 eV;  1.1  x  10“14cm2  DLTS 

No  ~  10' 7  cm-3 

Al0. 1 2Ga0.88N/  AI2O3 

n“-AlGaN/n+- 

AlGaN/Al203 

This  study 

300  nm  cut-off 
MBE 

0.258  eV;  3.4  x  10“I5cm2  DLTS 

0.262 eV;  8.6  x  10“I3cm2  DLTS 
(comparable  to  EOA1 
in  SVTA  AlGaN) 

No  ~  1017  cm-3 
iVD~1017  cm-3 

n-GaN/Al203 

n_-AlGaN/n+- 

AlGaN/Al203 

This  study 

This  study 

MBE 

(SVTA) 

300  nm 

He-ion 
and  H  + 
irrad 

As  per  second  row,  plus 

Eprl:  0.187;  8.8  x  10“16cm2  DLTS 

Fig.  2.  Arrhenius  plots  of  the  emission  rates  of  EOA1  and 
EOA2.  The  plot  also  shows  EpRl,  which  is  introduced  after 
1.8  MeV  proton  irradiation  of  the  Schottky  photodetectors.  The 
plots  were  constructed  from  e/T 2  vs.  l/T,  where  e  is  the 
emission  rate  at  a  peak  temperature  T. 


not  readily  see  EpRl  after  He-ion  irradiation,  its 
presence  was  confirmed  by  TSCAP  measurements. 
EpRl’s  signature  was  determined  as  0.187  eV, 
8.8  x  10_16cm2. 

Fig.  3  shows  the  current-voltage  ( I-V )  characteris¬ 
tics  of  a  diode  before  and  after  it  was  irradiated  with 
5.5  x  1012  He-ion  cm-2.  The  leakage  current  deteriorates 


Fig.  3.  I-  V  plots  of  the  Schottky  photodetector  before  and 
after  irradiation  with  5.5  x  1012  He-ions  cm-2.  The  leakage 
current  deteriorates  from  ~10-8  to  ~10_3A  after  this  dose. 
After  particle  irradiation,  the  I-V  curve  has  a  Generation- 
Recombination  component  pointing  to  deep  levels. 

from  ~  10  8  to  ~  10-3  A  after  irradiation.  After  particle 
irradiation,  the  I-V  curve  has  a  Generation-Recombi¬ 
nation  component  pointing  to  the  presence  of  deep 
levels. 
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Fig.  4.  Removal  of  carriers  near  the  surface  of  the  photo¬ 
detector  by  He-ions  is  fairly  uniform  in  the  AlAGa(  VN.  He-ion 
doses  between  1.4  x  10M  and  5.2  x  1012cm  2  were  used.  The 
inset  shows  the  carrier  removal  by  1.8  MeV  He-ions  at  various 
doses.  A  carrier  removal  rate.  ;/  =  23  770  cm  1  was  extracted 
from  the  slope. 

In  order  to  determine  the  rate,  at  which  free  carriers 
are  being  removed  by  the  He-ions,  we  irradiated  samples 
from  dose  1 .4  x  101 1  to  5.2  x  1012cm"2.  Fig  4  shows  that 
the  He-ion  dose  removes  carriers  fairly  uniformly  in  the 
AlvGai  VN  diodes,  and  the  inset,  which  shows  the 
variation  with  He-ion  dose  of  the  free  carrier  concentra¬ 
tion,  is  used  to  determine  the  carrier  removal  rate,  >/. 
Using  the  equation  ?/  =  where  AWt|  is  the 

change  in  free  carrier  concentration  resulting  from  dose 
Z),  we  calculated  that  1.8  MeV  He-ions  remove  carriers 
at  a  rate  of  23  770cm"1.  This  value  of  >/  is  about  eighty 
times  greater  than  for  a  similarly  irradiated  GaN. 


In  conclusion,  we  have  characterized  two  as-grown 
defects,  EOA1  and  EOA2  and  a  proton  irradiation 
induced  defect  EpRl  in  AlvGai  VN  Schottky  photo¬ 
detectors.  The  DLTS  signatures  for  EOA1  is  0.274  eV, 

3.1  x  10  13cm\  and  for  EOA2  it  is  0.58eV, 

1.1  x  10  l4cm2.  The  signature  for  EpRl  is  0.187eV, 
8.8  x  10" 16 cm2.  We  believe  EOA2  is  the  0.61  eV  level  in 
MOCVD  AlGaN  (12%  Al),  and  that  EOA1  is  the  E\ 
defect  in  GaN.  Furthermore  we  determined  that  AlGaN 
is  radiation  “softer”  than  GaN. 
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Abstract 

Temperature  dependence  of  electroluminescence  (EL)  spectral  intensity  of  the  super-bright  green  InGaN  single 
quantum  well  (SQW)  light  emitting  diodes  (LEDs),  fabricated  by  Nichia  Chemical  Industry  Ltd.,  has  been  studied  over 
a  wide  temperature  range  ( T  —  15-300 K)  and  as  a  function  of  injection  current  level.  It  is  found  that,  when  T  is 
decreased  slightly  to  140  K,  the  EL  intensity  efficiently  increases  probably  due  to  reduced  non-radiative  recombination 
processes  and/or  increased  carrier  capture  by  the  localized  radiative  recombination  centers.  However,  by  decreasing  T, 
further,  down  to  15K,  it  drastically  decreases  due  to  the  reduced  carrier  capture  and  population,  accompanying  the 
disappearance  of  injection  current  dependent  line  shape  changes  (blue-shift)  caused  by  band  filling  of  the  localized 
recombination  centers.  These  results  indicate  that  the  efficient  carrier  capture  by  SQW  is  crucial  to  enhance  the  radiative 
recombination  of  injected  carriers  in  the  presence  of  the  high  dislocation  density.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 
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1.  Introduction 

Super-bright  green  and  blue  light  emitting  diodes 
(LEDs)  using  group  Ill-nitride  semiconductor  quantum 
structures  have  been  manufactured  successfully  [1-3]. 
Such  a  quantum  well  LED  shows  very  bright  emission 
characteristics  in  spite  of  the  existence  of  high  density 
misfit  dislocations,  and  the  origins  of  the  high  quantum 
efficiency  have  been  receiving  much  attention  [4-8],  Pre¬ 
viously,  quantum  confinement  effects  on  the  InGaN 
alloy  well  and  efficient  carrier  capturing  by  the  localized 
radiative  recombination  centers  in  the  quantum-dot-like 
states  [4-7]  have  been  claimed  to  be  important  for 
origins  of  the  high  recombination  efficiency.  In  this 
paper,  the  temperature  dependence  of  electrolumines¬ 
cence  (EL)  spectral  intensity  of  the  green  InGaN  single 
quantum  well  (SQW)  LEDs  with  a  high  recombination 
quantum  efficiency,  fabricated  by  Nichia  Chemical 
Industry  Ltd.  [2],  has  been  studied  over  a  wide 


^Corresponding  author.  Fax:  +81-93-884-3221. 

E-mail  address:  fujiwara@ele.kyutech.ac.jp  (K.  Fujiwara). 


temperature  range  and  as  a  function  of  injection  current 
level.  In  contrast  to  a  commonly  expected  trend  of 
reduced  non-radiative  recombination  with  decreasing 
lattice  temperature,  an  anomalous  temperature  depen¬ 
dence  of  the  EL  intensity  has  been  observed  at  lower 
temperatures  below  100  K.  A  careful  analysis  of  the 
detailed  EL  spectral  line  shape  as  a  function  of  injection 
current  reveals  that  the  efficient  carrier  capture  by  SQW 
is  crucial  to  enhance  the  radiative  recombination  when 
the  dislocation  density  is  very  high  (10lo/cm3). 


2.  Experimental 

EL  spectral  characteristics  of  the  super-bright  green 
InGaN  SQW-LED  sample,  fabricated  by  Nichia  Che¬ 
mical  Industry  Ltd.  [2],  have  been  studied  as  a  function 
of  lattice  temperature.  The  nominal  InGaN  well  width  is 
3  nm  and  the  claimed  In  concentration  in  the  SQW  layer 
is  0.45  [2].  The  InGaN  SQW  layer  is  confined  by  p- 
Alo.2Gao.8N  and  n-GaN  barrier  layers.  The  detailed 
diode  heterostructure  was  described  previously  [1,2]. 
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The  SQW-LED  sample  was  mounted  on  a  Cu  cold  stage 
of  a  temperature-variable  closed-cycle  He  cryostat  to 
vary  the  sample  temperature  over  a  wide  range 
(7"  =  1 5-300 K).  EL  spectra  were  measured  by  a 
conventional  lock-in  technique,  employing  a  GaAs 
photomultiplier,  as  a  function  of  current  injection  level 
up  to  10  mA.  In  order  to  get  information  about  the 
absorption  spectra,  photocurrent  (PC)  spectra  were  also 
measured  using  a  combination  of  a  halogen  lamp  and  a 
monochromator  for  illumination  and  a  DC  electrometer 
for  current  detection. 


3.  Results  and  discussion 

EL  and  PC  spectra  of  the  green  SQW-LED  have  been 
measured  between  15  and  300  K.  Fig.  1  shows  the 
typical  EL  (solid  curves)  and  PC  (dotted  curves)  spectra 
normalized  by  the  respective  peaks  at  260  and  1 5  K.  The 
injection  current  level  for  EL  is  10  mA  and  the  reverse 
bias  voltage  for  PC  is  -0.5  V.  At  260  K,  the  green  SQW- 
LED  shows  an  emission  band  centered  around  2.3  eV 
(540  nm)  at  the  current  level  of  10  mA  with  multiple  fine 
structures  due  to  Fabry-Perot  fringes.  The  emission 
peak  shows  a  blue-shift  with  increasing  injection  current 
(from  0.1  to  10  mA)  and  is  red-shifted  from  the  broad 
absorption  peak  located  around  3.0 eV  (410nm)  as 
confirmed  by  the  PC  spectrum,  indicating  strong 


Fig.  1.  EL  (solid  curves)  and  PC  (dotted  curves)  spectra  of  the 
green  SQW-LED  at  260  and  15  K.  For  EL  spectra  the  injection 
current  level  is  fixed  at  10  mA.  while  for  PC  spectra  the  reverse 
bias  voltage  is  -0.5  V. 


localization  of  the  injected  carriers  within  the  SQW 
region  [4,7],  The  peaked  nature  of  the  transition  that  is 
rather  enhanced  at  15  K  directly  indicates  the  excitonic 
origin  of  the  absorption  transition  in  the  SQW  layer, 
although  the  line  width  is  very  large  (1 70-300  meV)  due 
to  inhomogeneous  broadening  of  the  confinement 
potentials.  At  15  K,  the  emission  peak  energy  is  also 
observed  at  2.3  eV  in  Fig.  1  which  does 
not  show  any  significant  shifts  from  the  one  at  260  K. 
In  Fig.  1  (at  15  K),  an  absorption  peak  is  observed  at 
3.45  eV  due  to  the  A  and  B  excitonic  transitions  of  the 
GaN  barrier  layer  [9].  It  shows  a  blue-shift  with 
decreasing  temperature,  following  the  temperature 
dependence  of  the  band  gap  energy  [10,1 1].  In  addition, 
a  weak  emission  around  3.1  eV  is  observed  at  15  K  in 
Fig.  1.  We  attribute  the  emission  band  to  the  GaN  layer, 
although  the  exact  origin  of  the  Stokes  shift  is  not  clear 
at  present. 

The  EL  spectral  intensity  from  the  green  SQW  layer 
varies  significantly  with  changing  sample  temperature. 
The  temperature  dependence  of  the  EL  spectra  is  plotted 
in  Fig.  2  at  a  fixed  value  of  the  injection  current  (10  mA). 
When  T  is  slightly  decreased  from  300  to  140  K,  the  EL 
spectral  intensity  efficiently  increases.  This  enhancement 
of  the  radiative  recombination  efficiency  at  140-220  K  is 
similar  to  those  usually  expected  for  the  reduced  non- 
radiative  recombination  at  lower  T  in  many  cases  of  the 
GaAs  based  LEDs.  However,  by  decreasing  T  down  to 
15  K  furthermore,  a  drastic  reduction  of  the  EL  intensity 
is  observed.  That  is,  it  is  found  that  the  EL  efficiency  at 
lower  T  is  quite  low.  This  is  in  strong  contrast  to  the 


Fig.  2.  Three-dimensional  plot  of  EL  spectra  of  the  green 
SQW-LED  as  a  function  of  lattice  temperature  at  a  fixed  value 
of  injection  level  of  10  mA. 
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usual  cases  of  GaAs  based  LEDs  where  significantly 
reduced  non-radiative  recombination  processes  are 
expected  at  lower  T.  This  reduction  of  the  EL  efficiency 
at  lower  T  is  also  seen  at  other  injection  currents 
between  0.5  and  10  mA.  In  Fig.  3,  the  spectrally 
integrated  EL  intensity  is  shown  as  a  function  of  current 
and  temperature  to  illustrate  three-dimensional  light- 
output  versus  current  and  temperature  characteristics. 
The  EL  intensity  versus  injection  current  characteristics 
at  intermediate  to  low  temperature  regimes  are  quite 
astonishing,  since  the  EL  intensity  shows  saturation 
phenomena  at  lower  output  levels  above  1mA.  At 
higher  injection  currents,  say  10  mA,  the  EL  intensity  is 
very  low  at  15  K.  This  phenomenon  observed  at  15  K  is 
obviously  not  because  of  the  heating  effects  and  reflects 
the  particular  recombination  characteristics  of  the 
InGaN  SQW  heterostructures  by  current  injection.  We 
note  that  this  trend  is  even  stronger  at  15  K  than  at 
120K. 

In  order  to  investigate  the  causes  of  the  reduced 
EL  efficiency  at  lower  T,  the  detailed  EL  spectral  line 
shape  has  been  studied  as  a  function  of  injection  current. 
The  results  at  260,  140  and  20  K  are  shown  in  Fig.  4.  At 
140-300  K  where  the  EL  efficiency  is  very  high,  the 
spectral  line  shape  changes  drastically  with  increasing 
current,  when  the  injection  level  is  increased  by 
two  orders  of  magnitude.  That  is,  the  EL  intensity 
significantly  increases  at  higher  energy  sides  with  the 
current  level  due  to  the  band  filling  of  the  localized 
recombination  centers  [6].  This  result  indicates  that  the 
injected  carriers  (electrons  and  holes)  are  efficiently 
captured  by  SQW  at  those  temperatures  and  more 
carriers  captured  by  the  SQW  layer  are  filling  the 
localized  states  at  higher  energies  when  the  current  is 


Fig.  3.  Three-dimensional  plot  of  integrated  EL  intensity  of  the 
green  SQW-LED  as  a  function  of  injection  current  and  lattice 
temperature. 
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Fig.  4.  EL  line  shape  variations  of  the  green  SQW-LED  as  a 
function  of  injection  current  at  260,  140  and  20  K. 

increased.  On  the  other  hand,  it  is  clear  in  Fig.  4  that  the 
line  shape  does  not  change  with  the  current  at  20  K 
where  the  EL  efficiency  is  quite  low.  Absence  of  the 
band-filling  effects  at  lower  T  suggests  that  carriers  are 
not  effectively  captured  by  SQW  at  lower  T ,  but  are 
transferred  to  non-radiative  recombination  centers  with¬ 
in  the  barrier  layers.  The  carrier  overflow  to  the  barrier 
layers  is  consistent  with  the  appearance  of  the  GaN 
emission  at  3.1  eV,  which  is  observed  only  at  lower  T 
(see  Fig.  1).  These  results  indicate  that  the  efficient 
carrier  capture  by  SQW  is  crucial  to  enhance  the 
radiative  recombination  when  the  dislocation  density  is 
very  high  (10lo/cm3). 


4.  Conclusion 

Temperature  dependence  of  EL  spectral  intensity  of 
the  super-bright  green  InGaN  SQW-LED  has  been 
studied.  We  find  that,  when  the  temperature  is  decreased 
down  to  1 5  K,  the  EL  intensity  drastically  changes  due 
to  decreased  carrier  capture  by  the  localized  radiative 
recombination  centers.  The  injection  current  dependent 
line  shape  changes  (blue-shift)  caused  by  band-filling 
effects  of  the  localized  recombination  centers  allows  us 
to  evaluate  the  population  at  the  localized  states  at 
various  temperatures.  The  reduced  carrier  population 
due  to  the  carrier  overflow  to  the  barriers  at  lower 
temperatures  conversely  indicates  that  the  efficient 
carrier  capture  is  crucial  to  enhance  the  radiative 
recombination  of  injected  carriers  in  the  presence  of 
the  high  dislocation  density. 
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Abstract 

In  order  to  develop  electroluminescent  and  laser  devices  based  on  the  ultraviolet  exciton  emission  of  ZnO,  it  will  be 
important  to  fabricate  good  p-n  junctions.  As-grown  ZnO  is  normally  n-type  because  of  intrinsic  donor  defects  such  as 
oxygen  vacancies  and  zinc  interstitials,  or  unintended  hydrogen.  Making  p-type  ZnO  has  been  more  difficult,  possibly 
due  to  self-compensation  by  easily  formed  donor  defects.  In  this  work,  we  demonstrate  that  reactively  sputtered, 
annealed  ZnO  films  can  be  changed  from  n-type  to  moderate  p-type  by  adjusting  the  oxygen/argon  ratio  in  the 
sputtering  plasma.  We  report  the  properties  of  p— n  homojunctions  fabricated  in  this  way,  and  characterize  transport  in 
the  films  by  the  Hall  measurements.  Ohmic  contacts  were  formed  by  deposition  of  Au/Al  films.  Our  finding  of  p-type 
conductivity  in  apparently  intrinsic  ZnO  formed  by  reactive  sputtering  is  not  inconsistent  with  calculated  defect 
formation  enthalpies  if  account  is  taken  of  the  higher  chemical  potential  of  the  dissociated  oxygen  reservoir  represented 
by  the  sputter  plasma,  compared  to  the  molecular  oxygen  reservoir  assumed  in  the  calculation  of  formation  enthalpies. 
If  hydrogen  turns  out  to  be  the  main  compensating  donor,  the  role  of  oxygen  pressure  in  controlling  incorporation  of 
background  hydrogen  during  sputtering  may  also  be  implicated.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnO;  p-n  junction;  Ohmic  contact 


1.  Introduction 

ZnO  with  n-type  conductivity  can  readily  be  produced 
as  intrinsic  (undoped)  material  if  grown  in  zinc-rich 
conditions,  or  by  extrinsic  doping  with  group-III 
elements  such  as  Al.  Intrinsic  ZnO  is  thought  to  be  n- 
type  primarily  because  of  donor  defects  such  as  zinc 
interstitials  (Zn;)  and  oxygen  vacancies  (Vo)  [1,2].  It  has 
been  suggested  that  hydrogen  in  ZnO  is  also  a  donor  [3]. 
It  is  difficult  to  grow  p-type  ZnO,  although  recent 
studies  have  reported  p-type  conductivity  achieved  by 
growth  in  the  presence  of  excited  N20  [4,5]  or  by  co¬ 
doping  N  with  H  [6]  or  Ga  [4]. 

Zhang  et  al.  [1]  discussed  the  asymmetry  of  n-  vs.  p- 
type  doping  in  the  framework  of  defect  formation 
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enthalpies  calculated  on  the  assumption  of  growth  of 
ZnO  in  equilibrium  with  zinc  metal  and  molecular  02. 
The  conclusion  of  their  literature  survey  was  that 
intrinsic  p-type  ZnO  has  not  been  demonstrated  [1]. 
Butkhuzi  et  al.  reported  in  1992  that  heat-treating  ZnO 
in  atomic  oxygen  produced  p-type  conduction  [7],  but 
aside  from  that  report,  it  seems  that  up  to  now  there  has 
not  been  another  demonstration  of  p-type  conductivity 
in  ZnO  undoped  by  foreign  atoms. 

In  the  present  paper,  we  demonstrate  that  ZnO 
deposited  by  reactive  sputtering  of  a  Zn  target  in  02/ 
Ar  atmosphere  produces  n-type  ZnO  at  low  02/Ar  ratios 
and  moderately  p-type  ZnO  at  higher  02/Ar  ratios.  The 
I-V  curves  of  p-n  homojunctions  formed  from  these 
films  exhibit  rectification  characteristics,  and  the  Hall 
effect  measurements  verify  p-  and  n-carrier  type  and 
concentration.  Photoluminescence  measurements  have 
been  measured  on  the  same  materials  and  will  be 
reported  elsewhere. 
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2.  Experiment 

ZnO  films  were  deposited  by  reactive  sputtering  from 
a  Zn  metal  target  (99.99%)  in  02/Ar  atmosphere  using  a 
DC  planar  magnetron  source  (US  Gun  II)  in  a 
turbomolecular  pumped  stainless  steel  chamber.  The 
substrate  wfas  heated  during  deposition,  typically  to 
350 'C.  The  substrate  used  in  this  work  was  (100) 
silicon,  based  on  the  observation  of  Fu  et  al.  [8]  that 
efficient  near-band-edge  cathodoluminescence  could  be 
obtained  from  sputtered  and  air-annealed  ZnO  on 
Si(100)  substrates  but  not  on  Si(  111).  Substrate 
dependence  of  sputtered  ZnO  film  properties  will  be 
investigated  in  future  wwk. 

The  p-n  junctions  were  formed  by  deposition  of  two 
sequential  layers  under  oxygen-poor  and  oxygen-rich 
conditions.  At  a  total  02/Ar  sputtering  pressure  of  3  x 
10  “Torr,  a  fractional  composition  of  50%  oxygen 
produced  n-type  ZnO  and  83%  oxygen  produced  p-type 
ZnO,  as  two  examples.  The  sputtering  power  was  20  W 
and  a  typical  sputtering  time  of  30  min  produced  films 
about  5  pm  thick,  measured  by  SEM  on  a  freshly  cleaved 
edge.  The  deposition  rate  depends  on  the  fraction  of  Ar 
in  the  02/Ar  mix  at  constant  pressure.  A  mask  was  used 
during  the  second  layer  deposition  to  expose  contact 
areas  on  the  lower  layer.  We  have  found  that  annealing 
in  vacuum  (~  10“  6Torr)  at  750~C  for  30  min  gives  good 
band-edge  photoluminescence  as  well  as  lowering 
resistivity,  and  this  annealing  treatment  was  employed 
for  the  films  studied  here.  Ohmic  contacts  were  formed 
by  depositing  Al  and  Au.  The  I~V  characteristics  of  an 
Au/Al  contact  on  both  p-  and  n-type  ZnO  are  shown  in 
Fig.  1. 


3.  Results  and  discussion 

X-ray  diffraction  shows  a  strong  peak  at  34.5°  (20) 
consistent  with  c-axis  oriented  wurtzite  ZnO.  As  shown 
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Fig.  1.  l-V  curves  for  Au/Al  ohmic  contacts  on  n-  and  p-typc 
ZnO. 
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Fig.  2.  X-ray  rocking  curves  (20  degrees)  for  a  ZnO  film  after 
sputter  deposition  at  350  C  (bottom)  and  after  vacuum 
annealing  at  750'C  (top). 


in  Fig.  2  for  a  film  sputtered  at  350  C,  annealing  in 
vacuum  at  750nC  sharpens  the  diffraction  peaks 
significantly.  Atomic  force  microscopy1  shows  crystallite 
sizes  in  the  40-65  nm  range  before  annealing,  and  80- 
200  nm  after  annealing. 

The  I-V  curves  for  homojunctions  of  n-type  ZnO 
on  p-type  ZnO  films  prepared  by  controlling  oxygen 
partial  pressure  during  sputtering,  as  described  above, 
are  shown  in  Fig.  3.  Part  (a)  corresponds  to  a 
junction  which  was  not  annealed  after  sputtering, 
and  part  (b)  corresponds  to  an  annealed  junction. 
Rectification  is  clearly  displayed  in  both  cases. 
The  current  conduction  (as  well  as  forward  and 
reverse  leakage)  are  significantly  greater  for  the 
annealed  junction  in  this  example.  The  turn-on 
voltage  is  about  1  V,  rather  than  being  near  the  band 
gap  energy  of  3.3  eV  as  we  expect  in  the  ideal  case.  Our 
diode  has  low  carrier  concentrations  in  both  p  and  n 
sections,  which  reduces  the  expected  turn-on  voltage 
somewhat.  In  this  context  it  is  worth  comparing  the  I-V 
curves  measured  by  other  workers  for  ZnO  homojunc¬ 
tions  [9]  and  heterojunctions  [10]  which  were  demon¬ 
strated  to  be  light-emitting  diodes.  The  turn-on  voltage 
was  about  1 V  in  the  homojunction  LED  [9]  and 
variously  1  and  3  V  in  two  different  samples  of  ZnO 
heterojunction  LEDs  [10].  The  low  turn-on  voltage 
remains  a  puzzle,  but  it  seems  to  occur  commonly  in 
ZnO  junctions  qualified  by  electroluminescence  as  good 
p-n  junctions. 

The  Hall  effect  measurements  yielded  the  approxi¬ 
mate  parameters  summarized  in  Table  1  for  selected 
films  of  annealed  p-  and  n-type  ZnO.  The  n-type 
film  represented  in  the  table  was  optimized  for  band- 
gap  photoluminescence  yield  relative  to  the  green 


1 AFM  images  were  taken  by  Xiaodong  Cui  at  Arizona  State 
University. 
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(a) 


(b) 


Fig.  3.  I-V  curves  for  p-n  homojunctions  formed  by  deposit¬ 
ing  n-type  ZnO  on  p-type  ZnO:  (a)  without  annealing,  and  (b) 
another  junction  after  annealing. 


luminescence  attributed  to  oxygen  vacancies  and  has 
low  conductivity.  In  the  p-type  film,  we  found  a  hole 
concentration  of  about  5  x  1015cm-3. 

The  ability  to  form  p-n  homojunctions,  as  illustrated 
in  both  Fig.  3  and  the  Hall  effect  data  in  Table  1,  show 
that  moderate  p-type  conductivity  has  been  achieved  in 
ZnO  films  reactively  sputtered  in  oxygen-rich  conditions 
but  not  intentionally  doped  with  impurities.  This 
appears  to  be  the  second  published  report  of  p-type 
conductivity  in  intrinsic  ZnO  exposed  to  atomic  oxygen 
during  preparation.  The  first  was  the  1992  work  of 


Butkhuzi  et  al.  [7],  who  heat-treated  ZnO  after  growth, 
in  a  beam  of  atomic  oxygen.  The  present  study  is  the 
first  to  achieve  p-type  ZnO  by  reactive  sputtering  and 
vacuum  annealing.  Since  the  discussion  of  intrinsic 
defect  formation  enthalpies  in  Ref.  [1]  stated  that 
intrinsic  p-type  ZnO  cannot  be  produced  by  thermal 
equilibrium  growth  processes,  it  is  of  interest  to  examine 
the  present  results  in  light  of  the  works  on  defect 
formation  enthalpies  in  ZnO  [1,2],  and  especially  the 
very  recent  theoretical  considerations  of  nitrogen  doping 
on  the  same  basis  [11,12]. 

It  is  important  to  note  that  a  molecular  oxygen 
reservoir  is  assumed  for  the  calculation,  whereas  an 
atomic  or  ionic  oxygen  reservoir  characterizes  the  post¬ 
treatment  of  Butkhuzi  et  al.  [7]  and  the  reactive 
sputtering  environment  in  which  the  present  films  were 
grown.  The  difference  is  important  because  presenting 
the  oxygen  reservoir  with  the  02  molecular  bond  already 
broken  (bond  energy  5.17eV  [13])  raises  its  chemical 
potential  by  half  the  02  bond  energy  per  atom.  It  is 
correspondingly  easier  to  insert  oxygen  from  such  a 
reservoir  into  the  growing  crystal  to  make  the  acceptor 
defect  Vzn,  and  harder  to  remove  oxygen  to  the  reservoir 
forming  the  donors  Zn;  and  V0. 

The  basic  equation  given  in  Ref.  [1]  for  formation 
enthalpy  of  a  structural  defect  a  of  charge  q  is 

A  =  A  E^a)  +  nan.A  +  qEF,  (1) 

where  A E{q^  contains  the  calculated  total  energy  of  a 
unit  cell  including  the  host  material  with  defect  a  in 
charge  state  q  minus  the  total  energy  of  a  unit  cell 
of  the  host  only,  and  «a  is  the  number  of  atoms 
being  removed  during  the  defect  formation  from  the 
host  crystal  to  the  atomic  reservoir.  The  sign  of  na  is 
negative  if  atoms  are  moved  from  the  reservoir  to  the 
host  crystal.  The  chemical  potential  of  the  reservoir  is 
fia,  assumed  in  Ref.  [1]  to  correspond  to  molecular 
oxygen.  EF  is  the  Fermi  energy.  Employing  the  notation 
of  Ref.  [1],  the  formation  enthalpies  of  the  intrinsic 
donor  and  acceptor  defects  Vo  and  Oj  can  be  written, 
respectively,  as 

AH(2+,  Vo)  =  AEe+.  vo)  +  +  2e  Ef,  (2) 

AHC-,  o.)  =  A£a-  °i>  _  n0  -  2e  Er.  (3) 


Table  1 

Resistivity,  mobility,  and  carrier  concentration  derived  from  the  Hall  effect  and  resistivity  measurements  on  n-  and  p-type  intrinsic 
ZnO,  before  and  after  annealing  at  750°C  _ 


n-type  ZnO 

p-type  ZnO 

Not  annealed 

Annealed 

Not  annealed 

Annealed 

Resitivity  (Q  cm) 

Mobility  (cm2/V  s) 
Concentration  (cnC3) 

>104 

N/A 

N/A 

100 

20 

6x  1015 

200 

30 

5x  1015 

30 

130 

5x  1015 

1200 
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Thus  raising  the  chemical  potential  of  the  oxygen,  such 
as  by  electronic  excitation  to  a  dissociated  state,  will 
raise  the  formation  enthalpy  of  the  donor  V()  and 
lower  the  dissociation  enthalpy  of  the  acceptor  Oj.  A 
similar  role  of  electron  cyclotron  resonance  (ECR) 
dissociation  of  nitrogen  or  N20  gas  in  doping  ZnO 
with  nitrogen  was  discusssed  recently  by  Yan  et  al. 

DU2]. 

The  suggestion  by  Van  de  Walle  [3]  that  hydro¬ 
gen  should  be  an  important  shallow  donor  in  ZnO 
has  been  supported  by  very  recent  experiments  re¬ 
ported  in  these  proceedings,  particularly  experiments 
on  spin  rotation  of  muonium  in  ZnO  [14-16]  and 
optically  detected  ENDOR  in  ZnO  [17].  Increasing  the 
oxygen  pressure  relative  to  a  fixed  background  of  H2  or 
H20  in  the  sputtering  chamber  may  have  a  dilution 
effect  to  suppress  hydrogen  incorporation  in  the  growing 
film,  in  agreement  with  the  trend  we  report,  and  in 
addition  to  the  effect  on  intrinsic  defects  already 
discussed. 
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Abstract 

We  describe  luminescent  (spectral  and  kinetic)  properties  of  ZnSA-Sej_.Y  (x  -  0.5- 1.0)  solid  solutions  doped  with 
different  impurities  (Ag,  Cu  as  activators,  A1  as  co-activator),  and  prepared  large  transparent  polycrystalline  blocks 
(with  the  diameter  up  to  100  mm,  and  the  thickness  up  to  5  mm).  The  light  yields  of  all  the  studied  samples  were 
compared  with  that  of  Csl :  T1  and  varied  from  sample  to  sample.  These  variations  depend  on  impurity  concentrations, 
native  defect  concentrations  and  presence  of  a  hexagonal  (wurtzite)  phase.  The  best  results  (120%  yield  of  that  Csl :  Tl) 
were  obtained  for  the  solid  solution  with  x  =  0.5  doped  with  Cu  (Al).  This  sample  also  exhibits  the  shortest  decay  time 
constant,  about  25  ns.  A  detailed  comparison  of  defect  properties  of  our  solid  solutions  with  the  known  data  for  similar 
crystalline  systems  has  been  carried  out.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  ZnS.vSei_.Y;  Native  defects;  Optical  properties 


1.  Introduction 

Applications  of  A2B6  compounds  for  scintillating 
detectors  of  ionized  radiation  [1-3]  are  determined  by  a 
high  conversion  efficiency,  a  short  decay  time  and  wide 
possibilities  for  spectra  (emitting  and  detector’s)  adjust¬ 
ment.  Using  A2B6  compounds  we  can  join  in  one  block 
scintillator  and  photodiode.  In  this  work  we  present 
the  results  of  solid  solutions  ZnS.vSei_A  (x  =  0.5- 1.0) 
investigation.  By  varying  x  (S  content)  we  can  shift  the 
maximum  in  an  emission  spectrum  and  fit  it  to  the 
spectrum  of  receiver’s  sensitivity.  Solid  solutions  give  us 
more  opportunities  to  counteract  undesirable  native 
defect  appearance. 


2.  Sample  preparations 

Samples  were  grown  by  physical  vapor  deposition 
(PVD)  in  a  closed  reactor  placed  in  a  two-zone  vertical 
furnace.  At  the  bottom  of  a  high  temperature  zone  a 
capsule  with  re-crystallizing  powder  compounds  (pre- 
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viously  synthesized  at  1000°C  ZnS— ZnSe  mixture)  was 
placed,  and  at  the  top  of  a  low  temperature  zone  (the 
temperature  in  that  zone,  the  deposition  temperature,  is 
pointed  in  Table  1)  the  seed  was  placed.  Doping  with 
Cu,  Al,  and  Ag  was  carried  out  at  the  synthesis  stage. 
We  added  different  solvents  (BaCL,  CsCl,  NaCl)  at 
this  stage  in  order  to  speed  up  the  synthesis.  Solvent 
concentrations  were  reduced  at  every  stage  of  the 
process.  For  example,  in  an  initial  mixture  Na  contam¬ 
ination  was  0.8%,  after  synthesis  0.15%,  and  in  a  solid 
solution  after  PVD  was  less  than  0.01%.  The  Al 
contamination  in  samples  after  PVD  was  about 
0.01%.  In  this  work  we  deal  with  50mm  diameter 
samples  with  5  mm  thickness.  The  crystallizer  gives  us  an 
opportunity  to  grow  samples  with  the  diameter  up  to 
100  mm  and  the  thickness  up  to  10  mm.  After  the  growth 
samples  were  cut  and  polished.  The  transmittance 
for  most  samples  (with  1mm  thickness)  was  not  less 
than  50%. 

X-ray  diffraction  investigations  of  different  phases 
contamination  show  that  for  x<0.57  there  is'only  one 
cubic  modification  in  samples,  for  0.6<x<l  there  is 
only  one  hexagonal  modification,  and  for  0.57  <x<  0.6 
there  are  both  modifications  in  the  samples.  The 
dependence  of  the  unit  cell  volume  on  *  is  shown  in 
Fig.  1 .  As  one  can  see  in  the  sample  with  x  =  0  (pure 
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Table  1 

Sample  characteristics1' 


Sample 

.V 

T  deposition  (K) 

Dopant 

Solvent 

1 

1(H) 

1200 

Cu  (7  x 

10 

\vt%) 

BaCb  (Ba 

-0.14  wt%) 

KH) 

1300 

Cu  (7  x 

10 

\vt%) 

BaCF  (Ba- 

-0.14  wt%) 

3 

1(H) 

1300 

Cu  (7  x 

10 

•  wt%) 

BaCI,  (Ba- 

-0.48  wt%) 

4 

0.5(C) 

1200 

Cu  (5  x 

10 

3  wt%),  Al 

BaCL  (Ba- 

-0. 14\vt%) 

5 

0.5(C) 

1200 

Cu  (5  x 

10 

\vt%).  Al 

CsCl 

6 

0.8(H) 

1200 

Cu  (5  x 

10 

’wt%).  Al 

NaCl 

7 

0.5(C) 

1200 

Cu  (1  x 

10 

2wt%),  Al 

NaCI 

8 

0.5(C) 

1100 

Ag  (5  x 

10 

?wt%),  Al 

NaCl 

9 

0.5(C) 

1100 

Ag  (5  x 

10 

2wt%).  Al 

NaCl 

aH — hexagonal.  C— cubic  phase. 


0.16 

ro 

|  0.12 

> 

0.08 


Cubic 


Hexagonal 


0.0  0.2  0.4  0.6  0.8  1.0 


X 

Fig.  I.  The  unit  cell  volume  dependence  on  sulfur  contamina¬ 
tion  x  in  ZnSvSe]  v  solid  solutions. 


ZnSe)  unit  cell  parameter  is  equal  to  0.565  nm  —almost 
the  same  as  for  single-crystal  (0.5668  nm).  The  density 
of  this  sample  corresponds  to  the  calculated  density, 
5.42  g/cm\  Sample  characteristics  are  summarized  in 
Table  1. 


3.  Experimental  details 


Luminescence  spectra  were  measured  at  constant 
X-ray  excitation  (45keV)  in  a  1 00-500  K  temperature 
range  with  the  monochromator  M DR-2,  and  the 
photo-multiplier  tube  FEU-83.  Kinetic  measure¬ 
ments  were  carried  out  with  the  pulse  X-ray  source 
(Ins  X-ray  pulse  duration)  described  earlier  [4]  in 
a  1 00-500  K  temperature  range.  Thermo-luminescence 
measurements  were  carried  out  after  an  X-ray 
irradiation  at  100  K  and  subsequent  heating  (in  the 
same  cryostat)  at  0.5  K/s  rate.  Relative  light  yields 
(compared  to  that  of  CsI:Tl)  were  measured  by 
two  different  methods:  (1)  at  a  continuous  excitation, 
and  (2)  at  a  pulse  excitation  (using  photon  counting).  In 
the  latter  case  an  average  excitation  level  was  three 
orders  less. 


4.  Results  and  discussion 

Main  properties  of  the  investigated  samples  are 
arranged  and  displayed  in  Table  2.  At  the  second 
column  we  indicate  peak  positions  and  in  brackets  line 
relative  intensities  for  300  K.  The  third  column  with 
light  yields  is  divided  into  two  columns:  (a)  yields  at 
continuous  excitation,  and  (b)  at  pulse  excitations.  At 
the  fourth  column  we  indicate  decay  constants  for  an 
initial  part  of  decay  curves.  The  last  column  contains 
TSL  results.  In  spite  of  the  equal  conditions  at  TSL 
measurements  (sample  dimension  and  the  excitation 
level)  we  cannot  properly  compare  trap  concentrations 
for  different  samples  because  of  entirely  different  sample 
light  yields.  Let  us  comment  on  all  the  results:  (1)  a  very 
strong  dependence  of  luminescent  properties  on  the 
deposition  temperature —samples  #1  and  #2:  (2)  bad 
reproducibility  with  a  solvent  variation-— samples  #2 
and  #3;  (3)  a  strong  dependence  of  kinetic  properties  on 
used  solvents — samples  #4  and  #5.  The  Cu-related  band 
(518  nm  -#1,  534  nm— #2,  528  nm— #3)  in  our  samples 
is  well  known  [5].  The  shift  (0.3  eV  for  x  varying  from  1 
to  0.5)  of  this  band  with  Am  528  nm  (#3,  .v  =  I)?556nm 
(#6,  a-  =  0.8),  and  601,  604  nm  (#4  and  #7,  *  =  0.5) 
correlates  with  E g  variation  (0.4 eV  for  .v  varying  from  1 
to  0.5).  The  difference  of  light  yield  at  different 
excitations  (a,  b  columns  of  Table  2)  is  connected  with 
different  traps  and  non-emission  centers  contamination. 
Only  sample  #2  shows  a  large  light  yield  drop  at 
continuous  excitation,  and  a  giant  trap  contamination. 
To  clear  up  this  effect  we  need  heat  treatment  investiga¬ 
tions,  because  the  preparing  conditions  for  samples  #1-3 
were  similar.  Peak  positions  in  Ag-doped  samples  with 
-v  =  0.5  coincide  with  those  for  ZnSe:  Ag  single  crystal 
[6].  This  fact  can  be  explained  by  following  an  impurity 
center  level  after  a  band  (valence  or  conducting)  edge,  or 
by  the  different  natures  of  the  center  in  solid  solutions. 
Decay  curves  of  all  samples  (except  #1-4  with  BaCl: 
solvent)  have  an  initial  exponential  part,  and  a  hyper¬ 
bolic  decay  at  50  ps  gate.  Cu-doped  samples  show  the 
first  order  kinetic,  and  the  Ag-doped  samples  the  second 
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Table  2 


Main  properties  of  the  investigated  samples 


Sample 

Am  (nm) 

Light  yield 

r(ps) 

TSL 

a 

b 

Tm  (K) 

/  (a.u.) 

1 

0 

0.38 

0.27 

9.2 

155 

53 

518  (1.0) 

245 

3.5 

608  (0.12) 

295 

5# 

463 

93 

2 

534 

0.49 

0.06 

15 

180 

6000 

3 

459  (1.0) 

0.62 

1.56 

4.5 

115 

22 

528  (0.86) 

135 

23 

215 

2.1 

4 

604 

0.21 

0.38 

2.5 

240 

74 

5 

580 

0.42 

1.18 

0.025 

115 

20 

245 

7.0 

6 

556 

0.06 

0.28 

0.20 

<100 

>1 

190 

0.20 

7 

601 

0.08 

0.04 

2.0 

<100 

>1.2 

240 

0.44 

8 

555 

0.07 

0.12 

0.086 

115 

1.4 

135 

1.1 

190 

0.75 

245 

1.27 

9 

550 

0.07 

0.05 

0.27 

155 

2.4 

order  kinetic.  Shallow  traps  in  samples  #5  and  #8  are 
different:  in  Cu-doped  sample  we  have  only  the  115K 
trap  (by  TSL  measurements),  and  in  Ag-doped  we  have 
115  and  135  K  traps.  So,  the  difference  in  kinetic  (first 
and  second  orders)  can  be  explained  by  two  different 
means:  (1)  a  recombination  cross  section  ar  of  an  Ag- 
related  center  is  much  lesser  than  that  of  Cu-related 
center  (115  and  135  K  traps  have  similar  cross  sections 
(Tt);  or  (2)  the  135  K  trap  has  a  cross  section  much  higher 
than  crr  of  an  Ag-related  center. 

Samples  doped  with  Ag  do  not  show  a  good 
performance,  the  light  yields  for  them  are  too  low. 

For  some  samples  with  a  high  light  yield  we  measured 
temperature  dependencies  of  luminescence  intensities 
for  different  peaks.  The  intensities  usually  drop  with 
increasing  temperature.  For  sample  #5  such  dependence 
is  shown  in  Fig.  2.  One  can  observe  the  spectrum 
transformation  with  temperature:  the  Gaussian  shape  at 
300  K,  and  the  second  peak  appearing  at  100  K  with 
Am  =  525  nm,  and  the  half-width  two  times  less — 42  nm 
in  comparison  with  83  nm  at  300  K  (the  first  line  at 
100K  has  a  75  nm  half-width).  The  drop  of  integral 
band  intensity  (the  inset  in  Fig.  2)  in  a  temperature 
range  130-1 50  K  is  connected  with  525  nm  line  disap¬ 
pearance.  Decay  curves  for  sample  #5  measured  at 
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Fig.  2.  The  temperature  dependence  of  the  Cu-related  X-ray 
excited  emission  spectrum  in  ZnS0.5Se0.5 :  Cu,  Al  (sample  #5). 
At  100K  the  spectrum  was  fitted  with  two  gaussian  curves 
(dashed  lines)  also  shown.  Inset— the  temperature  dependence 
of  the  integral  emission  band  intensity. 
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Fig.  3.  Decay  curves  of  different  samples:  measurements  at 
50  ns  gate  for  sample  #5  at  different  temperatures  (a);  and  at 
50  ps  gate  for  samples  #  3,5.8  (b). 


different  temperatures  are  shown  in  Fig.  3.  The  decay 
time  temperature  dependence  is  shown  in  the  inset  of 
Fig.  3.  An  activation  energy  defined  from  the  depen¬ 
dence  (similar  analysis  for  a  linear  case  in  Ref.  [7])  E\  = 
(0.26 ±  0.06)  eV  correlates  well  with  the  trap  energy 
corresponding  to  the  245  K  TSL  peak  (Fig.  4) 
=  (0.26  ±0.03)  eV.  The  last  value  was  defined  by 
analyzing  the  glow  peak  initial  exponential  part. 


Fig.  4.  Thcrmo-stimulated  luminescence  curves  of  different 
samples. 


5.  Conclusions 

Large  transparent  samples  doped  with  Cu  and 
prepared  by  the  described  technology  with  CsCl  solvent 
show  good  scintillating  properties  for  x  =  1-0.5.  How¬ 
ever  the  reproducibility  is  not  satisfactory.  It  depends, 
maybe,  on  the  difference  in  post-growth  conditions 
(differences  in  cooling  rates,  etc.),  so  we  need  thermal 
treatment  experiments. 
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Interface  defects  in  integrated  hybrid  semiconductors 

by  wafer  bonding 
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Abstract 

The  integration  of  materials  by  wafer  bonding  offers  novel  device  fabrication  for  applications  in  micromechanics, 
microelectronics,  and  optoelectronics.  Two  mirror-polished  surfaces  are  brought  into  intimate  contact  by  adhesive 
forces  regardless  of  their  crystallography,  crystalline  orientation  and  lattice  mismatch.  Followed  by  a  thermal  treatment 
at  several  hundred  degrees  centigrade,  the  interface  energy  of  the  material  combination  is  increased  to  energies  of 
covalent  interatomic  bonds.  Attempts  to  break  the  bond  lead  to  fracturing  of  the  materials.  In  particular, 
thermomechanic  stress  in  dissimilar  material  combinations  may  result  in  bending,  gliding  and  cracking  of  the  bonded 
wafers  during  annealing.  The  bonding  interface  of  various  hybrid  semiconductor  materials  was  studied  by  transmission 
electron  microscopy.  Occasionally,  microscopic  imperfections  at  the  bonding  interface  were  found  in  Si/Si,  Si/GaAs, 
GaAs/GaAs,  GaAs/Al203,  GaAs/InP  and  moreover  AI2O3/AI2O3  bonded  wafer  pairs.  The  imperfections  were 
identified  as  voids,  negative  crystals,  and  oxide-containing  precipitates  ranging  from  5  to  20  nm  in  diameter. 
Microscopic  defects  at  the  bonding  interface  in  integrated  bulk  materials  do  not  affect  the  mechanical  and  electrical 
properties  of  the  device  very  much.  However,  in  bonding  of  thin  films  the  defects  or  precipitates  may  thread  through  the 
thin  film,  if  the  diameter  of  the  precipitate  surpasses  the  thickness  of  the  film.  These  pinholes-containing  thin  films  have 
a  high  leakage  current,  low  electrical  breakthrough  and  crystallographic  disorder.  Epitaxy  of  material  on  a  pinholes 
containing,  disordered  surface  results  on  deposition  of  bicystalline  grains.  In  between  the  grains  tilt  grain  boundaries 
were  observed  raising  from  the  bonding  interface.  Bonding  related  defects  at  the  interface  can  be  avoided  by  alternative 
bonding  techniques  like  UHV  wafer  bonding  and  low  temperature  wafer  bonding.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

PACS:  82.30.Rs;  61.72.Qq;  68.35.Fx 

Keywords:  Semiconductor  wafer  bonding;  Interface  defects;  TEM  micrographs 


1.  Introduction  conventional  wafer  bonding  including  a  high-tempera¬ 

ture  annealing  step.  During  heating  of  wafer  pairs 
The  wafer  bonding  technique  has  been  established  in  containing  different  materials,  thermomechanical  stress 

research  and  development  in  terms  of  integrating  is  introduced  into  the  material  leading  to  bending  in 

various  materials  [1].  Two  mirror-polished  wafers  are  analogy  to  bi-metals.  If  the  stress  is  sufficiently  high, 

brought  into  intimate  surface  contact  at  room  tempera-  either  the  two  wafers  separate  by  breaking  the  bonds  at 

ture  and  adhere  by  van  der  Vaals  forces.  To  receive  high  the  interface  or  one  wafer  will  fracture  [2].  The  second 

bonding  strength,  the  wafer  pair  must  be  annealed  at  problem  of  the  high-temperature  procedure  arises  from 

elevated  temperatures.  Two  major  problems  arise  for  the  occurrence  of  voids,  crystalline  grains  and  precipi¬ 

tates  at  the  bonding  interface.  These  imperfections  are 
revealed  in  many  materials  combinations,  e.g.  silicon/ 
♦Corresponding  author.  Fax:  +49-345-5511223.  silicon,  GaAs/silicon,  GaAs/GaAs,  Al203/GaAs,  A1203/ 

E-mail  address:  kopper@mpi-halle.de  (P.  Kopperschmidt).  A1203  and  GaAs/InP  [3-7]. 
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If  two  bulk  materials  are  joined  together,  microscopic 
interface  defects  may  not  have  a  disturbing  effect  on  the 
mechanical  and  electrical  properties  of  the  device,  if  the 
density  of  the  cavities  is  small.  In  thin  films,  however, 
where  the  size  of  the  interface  defect  surpasses  the 
thickness  of  the  thin  layer,  the  surface  is  decorated  with 
trenches  and  pinholes  and  the  associated  device  struc¬ 
ture  may  have  preventable  properties  [2].  In  electronic 
applications  these  pinholes  will  lead  to  high  leakage 
currents  and  a  low  electrical  breakthrough  across  the 
interface.  Incidentally,  a  twist  in  between  a  thin  pinhole- 
containing  crystalline  layer  and  a  single  crystalline 
substrate  has  some  interesting  morphological  features, 
as  a  template  for  bi-crystalline  structures  or  selected  area 
growing  films. 

By  cross  sectional  and  plan-view  transmission  electron 
microscopy  (TEM)  bonding  interfaces  of  various 
materials  combination  are  inspected  and  briefly  dis¬ 
cussed  in  the  following. 


2.  Silicon/silicon  bonding  interfaces 

In  Czochralski  grown  silicon  (CZ-Si)  oxygen  is 
incorporated  in  silicon  with  a  concentration  close  to 
the  solubility  at  the  silicon  melting  point  [8].  Oxide 
precipitates  are  formed  at  sufficient  temperatures  by 
diffusion  processes.  Large  precipitates  grow  at  the 
expense  of  smaller  precipitates  to  reduce  the  surface 
energies.  Grain  boundaries  often  reduce  the  velocity  of 
the  diffusion  and  are  therefore  attractive  nucleation 
centers  for  precipitates  and  void  formations.  In  Fig.  1  a 
high-resolution  TEM  cross  section  is  presented  at  the 
twist-grain  boundary  between  two  (001)  bulk  CZ-Si 
wafers  after  Ref  [4].  The  wafers  are  bonded  hydro- 
phobically  with  an  intentional  misorientation  of  12'. 
Similar  results  were  observed  in  thin  silicon  layer 
bonded  to  silicon  substrates  by  Chen  et  al.  They 
identified  the  defects  as  SiC  containing  precipitates  [3]. 

3.  GaAs/GaAs  bonding  interfaces 

In  GaAs/GaAs  wafer  bonding  at  580'C  in  hydrogen 
atmospheres  two  types  of  interface  defects  were  found. 
A  representative  TEM  cross  section  is  given  in  Fig.  2.  In 
addition  to  amorphous  precipitates,  well-ordered  grains 
of  not-identified  crystalline  phases  were  observed  at  the 
bonding  interface.  These  grains  may  be  probably  formed 
at  elevated  temperatures  by  lowering  the  surface  energy 
at  the  boundary  between  two  bonded  surfaces  with  twist 
and  miscut.  In  thin  GaAs  films  with  thickness  of  a  few 
nrn  bonded  to  GaAs  substrates,  interface  defects  or 
cavities  occasionally  thread  through  the  thin  layer  [7,9], 
The  decorated  surface  of  the  substrate  may  play  an 
important  role  in  the  strain  relaxation  during  lattice 


Fig.  1.  High-resolution  TEM  cross-section  at  the  bonding 
interface  of  two  slightly  twisted  (00  1)  silicon  wafers.  The 
SiO:  containing  precipitate  consists  of  two  tilted  pyramids 
(after  Ref.  [4]). 


10  nm 


Fig.  2.  Crystalline  grain  at  the  GaAs/GaAs  bonding  interface 
revealed  by  cross  sectional  TEM  inspection.  The  crystal¬ 
lographic  planes  of  the  grain  boundaries  are  close  to  [1  1  1]. 
Due  to  a  small  surface  miscut  of  the  (00  1)  GaAs  wafers,  the 
grain  is  not  exactly  square-shaped. 


mismatched  heteroepitaxy  on  the  so-called  ‘compliant 
substrates’.  Fig.  3  shows  a  TEM  micrograph  pointing 
out  the  interface  of  a  twist  bonded  thin  GaAs  film 
bonded  to  GaAs  substrate  with  a  cavity  defect.  While 
removing  the  sacrificial  layer  AlAs.  the  interface  cavities 
partly  open  to  the  surface  of  the  transferred  film. 
Patriarche  et  al.,  recently  reported  on  GaAs/GaAs 
bonding  interfaces  containing  a  high  density  of  a  regular 
network  of  unbonded  cavities  [9].  Since  their  thin  GaAs 
layer  has  a  thickness  of  20  nm,  the  cavities  do  not  thread 
through  the  thin  layer. 


4.  Si/GaAs  bonding  interfaces 

Since  the  thermal  expansion  coefficient  of  GaAs  is 
nearly  twice  that  of  Si,  thermomechanical  stress  cannot 
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Fig.  3.  Cross  sectional  (large  picture)  and  plan-view  (small 
picture)  TEM  micrograph  of  a  defect  at  the  interface  of  a  thin 
GaAs  layer  bonded  to  a  GaAs  substrate.  The  GaAs  thin  film  is 
denoted  with  CL.  After  removing  the  sacrificial  AlAs  layer,  the 
GaAs  layer  is  transferred  to  the  GaAs  substrate.  If  the  size  of 
the  defect  surpasses  the  thickness  of  the  thin  layer,  pinholes  or 
trenches  are  introduced  into  the  thin  layer  after  transfer. 


be  suppressed  in  GaAs/Si  wafer  bonding  followed  by  an 
annealing  procedure  at  elevated  temperatures.  Instead  of 
using  silicon  wafers,  3  in  silicon-on-sapphire  (SOS) 
wafers  with  500  nm  of  epitaxial  silicon  were  bonded  to 
GaAs.  Due  to  the  low  thermal  mismatch  between  GaAs 
and  sapphire,  the  thermally  induced  mechanical  stress  is 
insignificant  over  a  wide  temperature  range  [6].  The 
bonding  of  SOS/GaAs  was  performed  under  arsenic 
pressure  at  800°C  for  several  hours.  A  high-resolution 
TEM  cross  section  is  presented  in  Fig.  4.  Extra  Si  lattice 
planes  are  introduced  at  the  GaAs/Si  bonding  interface 
to  balance  the  lattice  mismatch  of  4.1%.  Precipitates  at 
the  GaAs/Si  interface,  which  contain  mostly  amorphous 
material,  are  occasionally  observed  with  diameters 
ranging  from  5  to  20  nm. 

5.  GaAs/Al203  bonding  interfaces 

Precipitates  were  also  found  at  the  bonding  interfaces 
of  GaAs  and  A1203  (see  Fig.  5).  The  wafers  were  bonded 
as  received  after  flushing  in  hydrogen  atmosphere  at  a 
few  hundred  degrees  centigrade.  Further  annealing  at 
500°C  for  several  hours  was  necessary  in  hydrogen  to 
maximize  the  bonding  energies.  Precipitates  at  GaAs/ 
A1203  interfaces  are  settled  in  the  GaAs.  Since  diffusion 
velocities  in  A1203  are  rather  low  at  the  applied 
temperature,  the  defects  contain  mostly  gallium-rich 
and  arsenic-rich  precipitates  [10].  A  closer  look  at  the 
interface  by  plan-view  TEM  investigation  reveals 
unbonded  channel-like  regions  with  strong  bending 
contours.  These  channels  can  be  responsible  for  the 
growth  of  precipitates  by  providing  the  mass  transport 
to  the  interface. 


Fig.  4.  Defect  in  Si/GaAs  wafer  bonding  revealed  by  cross 
sectional  TEM  investigation.  A  Fourier-filtered  image  shows 
the  bonding  interface  in  detail.  Due  to  the  lattice  misfit  of  4.1%, 
extra  (1  00)  Si  lattice  planes  are  introduced  (marked  by  rings). 


Fig.  5.  Interface  defect  in  GaAs/Al203  wafer  bonding.  The 
high-resolution  TEM  cross  section  shows  the  [1  1  1]  and  [1  00] 
oriented  boundaries  of  the  precipitate  within  the  GaAs  wafer. 
The  precipitate  is  filled  with  Ga-rich  and  As-rich  compounds. 


6.  AI2O3/AI2O3  bonding  interfaces 

Annealing  temperatures  near  1200°C  are  required  to 
increase  the  interface  energy  of  r-cut  A1203/A1203 
bonded  wafer  pairs  to  the  binding  energy  of  covalent 
bonds.  At  these  high  temperatures,  a  change  of  the 
interface  morphology  to  form  low  energetic  grain 
boundaries  is  evident.  Wafers  with  small  miscut  show 
atomic  steps  or  terraces  at  the  surface.  These  steps  are 
moveable  during  high  temperature  annealing.  In  bonded 
wafers  with  small  surface  miscut  voids  or  negative 
crystals  are  achieved  at  the  interface.  The  arrangement 
of  well-ordered  voids  is  shown  in  the  plan-view  TEM  in 
Fig.  6.  The  density  of  the  voids,  which  is  in  the  range  of 
108cm-2,  can  be  reduced  by  increasing  the  annealing 
time.  The  ripening  of  the  voids  continues  at  the  gain  of 
size. 

Conclusively,  bonding  related  defects  and  imperfec¬ 
tions  at  the  interface  were  observed  in  many  integrated 
materials.  At  elevated  temperatures,  the  diffusion  length 
increases  for  impurities  and  interstitials  within  the 
considered  material.  Grain  boundaries,  interfaces  or 
dislocations,  however,  reduce  the  diffusion  length  and 
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Fig.  6.  Voids  formation  at  the  ALOj/ALO*  bonding  interface 
revealed  by  plan-view  TEM.  During  further  annealing  at 
1200  C  the  density  of  voids  is  reduced  while  the  diameters 
increase.  The  driving  force  for  changing  the  surface  morphol¬ 
ogy  is  to  lower  the  surface  energy  of  bonded  wafers  with 
rotational  misorientation  and  surface  miscut. 


are  attractive  nucleation  centers  for  the  generation  of 
voids,  precipitates  and  novel  crystalline  phases.  The 
bonding  interface  of  two  wafers  is  due  to  the  material 
contrast,  due  to  a  miscut  of  the  wafers  and  due  to 
rotational  misorientation  between  the  two  wafers. 


Avoiding  high  temperatures  in  dissimilar  materials 
integration,  e.g.  by  low-temperature  bonding  techni¬ 
ques,  is  required  to  prevent  the  defect  formation  at  the 
bonding  interfaces. 
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Abstract 

Proton  irradiation  (80keV)  effect  on  the  electrical  properties  of  Au/n-GaAs  Schottky  barrier  diodes  (SBDs), 
fabricated  on  an  epitaxially  grown  undoped  n-GaAs  has  been  studied  for  a  range  of  particle  fluences  from  1  x  1013  to 
1  x  1015  particles/cm2.  Current-voltage  (I-V),  capacitance-voltage  (C-V)  and  deep  level  transient  spectroscopy  (DLTS) 
measurements  have  been  carried  out  to  study  the  change  in  characteristics  of  the  devices  and  the  defects  introduction 
due  to  implantations,  respectively.  Reverse  leakage  current  (7r)  of  the  device  is  the  most  sensitive  parameter  to  the 
incident  proton  irradiation.  The  IR  was  increased  (1.0  x  1(T9  to  7.95  x  10-5  A)  upon  irradiation  and  it  strongly  depends 
on  the  particle  fluence.  Annealing  of  irradiated  diodes  shows  reduction  in  the  /R  and  particularly,  enhancement  in 
barrier  heights  of  the  diodes.  A  change  of  effective  free  carrier  concentration  in  the  material  has  been  observed  from  the 
C-V  measurements  for  the  irradiated  diodes  when  compared  to  the  unirradiated  diode.  From  DLTS  measurements,  it 
was  found  that  the  low  energy  proton  irradiation  of  the  SBDs  increases  the  concentration  of  EL2  defects  and  the 
concentration  was  estimated  to  be  6.42  x  1014cm-3.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Gallium  arsenide;  Schottky  barrier  diode;  Proton  irradiation;  DLTS 


1.  Introduction 

Ion  implantation  is  mainly  used  to  obtain  inter  device 
electrical  isolation  [1].  With  the  implant  isolation 
technique,  free  carriers  are  compensated  by  either 
irradiation-induced  damages  or  chemically  related  deep 
levels.  Significant  improvements  in  the  electrical  isola¬ 
tion  of  devices  in  closely  spaced  gallium  arsenide  (GaAs) 
integrated  circuit  (IC)  have  been  achieved  with  low 
energy  proton  implantation  [2].  Further,  proton-induced 
damages  reduce  the  carrier  lifetime  in  GaAs  and 
very  short  switching  times  can  also  be  achieved. 
Another  aspect  is  that  proton  environment  in  space, 
particularly  at  low  altitudes  in  trapped  radiation 
belts  and  during  solar  events,  can  have  a  detrimental 
effect  on  semiconductor  components  and  other 
materials  used  in  spacecraft  [3].  In  view  of  this  and  also 
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the  potential  applications  of  proton  irradiation  in 
GaAs,  it  is  of  interest  to  know  the  proton  irradiation 
induced  defects  and  also  to  study  their  effects  on  the 
properties  of  device  components  like  Schottky  barrier 
diodes. 

In  contrast  to  electron  irradiation,  which  introduces 
mainly  point  defects,  implantation  with  particles  such  as 
protons,  a-particles  may  introduce  additional  defects 
and  various  deep  levels.  Radiation  damage  produces 
many  defect  levels  within  the  depletion  layer  of  the 
GaAs  SBDs  [4].  Deep  traps  of  majority  carriers  can 
cause  variation  of  field  effect  transistor  (FET)  device 
parameters  [5]  and  can  affect  the  electron  mobility  at 
high  electric  fields  [6].  In  this  paper,  we  also  present  the 
results  of  DLTS  measurements  on  the  low  energy 
proton-irradiated  SBDs. 

2.  Experimental  details 

Undoped  n-type  (carrier  concentration  = 
4.4  x  1015cm-3)  GaAs  epilayers  of  thickness  4  pm, 
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grown  on  semi-insulating  (SI)  GaAs  substrate  by 
metal  organic  vapour  phase  epitaxy  (MOVPE) 
technique  were  used.  Samples  were  cleaned  well 
and  chemically  etched  (wet)  in  order  to  remove  the 
presence  of  native  oxides  on  the  surface.  Ohmic 
contacts  were  realised  by  evaporating  Au:Ge  (88:12) 
alloy  under  a  vacuum  of  2x10  f,mbar  and 
then  annealing  the  samples  at  723  K  under  the  high 
pure  argon  atmosphere  for  5  min.  Schottky  contacts 
were  formed  (planar  structure)  by  evaporating  gold 
dots  of  area  7.85  x10  3  cm2  and  of  thickness 
1500 A  using  electron  beam  evaporation  system.  The 
fabricated  SBDs  were  characterised  through  I-V  and 
C-V  measurements  carried  out  under  dark  condition, 
at  room  temperature. 

The  SBDs  were  irradiated  by  80keV  protons  at 
room  temperature  for  various  particle  fiuences  (or  ion 
doses)  of  1  x  10!\  1  x  1014  and  1  x  10,5p/cm2  using 
a  150KV  accelerator  under  a  vacuum  of  10  6mbar. 
The  irradiation  energy  was  chosen  in  such  a  way  that 
the  irradiation-induced  defects  have  been  introduced 
at  the  metal-semiconductor  ( M-S )  junction  and/or 
within  the  depletion  layer  of  the  Au/GaAs  Schottky 
junction.  Penetration  depth  of  80  keV  proton  particles  in 
Au/n-GaAs  structure  has  been  calculated  to  be  4580  A 
(with  straggling.  A/?P=±1270A)  using  TRIM  [7] 
theoretical  calculations.  The  estimated  depletion  width 
for  a  background  doping  level  of  10lscm  3  for  GaAs  is 
around  5000  A  at  zero  bias.  The  irradiated  SBDs  were 
annealed  at  different  temperatures  (373,  473,  573  and 
673 K)  for  lOmin  and  they  were  characterised  using  I-V 
and  C-V  measurements  before  and  after  annealing. 
DLTS  measurements  have  been  performed  on  the 
as-grown  as  well  as  proton-irradiated  samples  in 
the  temperature  range  77-400  K,  with  -0.2  V  reverse 
bias.  10  ms  pulse  width. 


3.  Results  and  discussions 

I-V  characteristics  of  the  unirradiated  SBDs  and  the 
diodes  annealed  at  different  temperatures  are  shown  in 
Fig.  I.  The  quality  of  the  control  SBDs  (unannealed, 
unirradiated)  are  good  with  nearly  ideal  behaviour  and 
low  leakage  current  (about  1  x  10“ 9  A)  as  seen  from 
Fig.  1.  Barrier  height  (</>B)  and  ideality  factor  (/?)  of  the 
control  diodes  fabricated  on  low  free  carrier  density 
(4.4  x  lO^cm  3)  samples  are  0.79  eV  and  1.08,  respec¬ 
tively.  No  significant  change  in  the  I-V  characteristics  of 
the  control  diodes  has  been  observed  up  to  the  annealing 
temperature  of  573  K.  But  samples  further  annealed  to 
673  K  were  found  to  be  highly  leaky  (/R  %  10" 5  A).  It 
was  known  that  about  623  K,  gold  starts  to  in-diffuse 
into  GaAs  material.  Hence,  the  high  leakage  current 
may  be  attributed  to  the  metal  inter-diffusion  at  the 
junction  and  the  M-S  interface  becomes  non-abrupt. 
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Fig.  1 .  I-V  characteristics  of  unirradiated  (control)  Au/n-GaAs 
SBDs  annealed  at  different  temperatures  for  10  min. 
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3.1.  Characteristics  of  irradiated  diodes 

For  proton-irradiated  Au/n-GaAs  SBDs,  the  reverse 
leakage  current  was  observed  to  be  most  sensitive 
parameter  to  the  incident  irradiation.  Further,  the 
change  in  /R(A/R)  was  found  to  increase  with  increasing 
particle  fluence  (Fig.  2).  The  change  in  /R  can  be 
attributed  to  the  irradiation-induced  defects  at  the 
interface  and/or  nearby  regions.  Implantation  of  semi¬ 
conductors  with  ion  beams  introduces  electrically  active 
defects  which  can  behave  either  as  traps  or  as 
recombination  centres  in  the  material,  depending  on 
their  capture  cross  section  for  electrons  and  holes  [8], 
The  defects  that  act  as  recombination  centres  introduce 
generation-recombination  currents  in  rectifying  devices. 
Thus  the  irradiation-induced  recombination  centres  are 
responsible  for  the  increase  in  the  reverse  leakage 
current.  But  such  changes  due  to  these  defects 
depends-on  to  an  extent  determined  by  their  concentra¬ 
tion.  The  linear  dependence  of  change  in  /R  with  fluence 
is  in  accordance  with  the  increase  of  concentration  of 
defects,  which  increases  as  the  incident  particle  fluence  is 
increased.  Moreover,  it  has  been  observed  that  the 
barrier  height  decreases  and  the  ideality  factor  of  the 
diode  increases  as  a  function  of  ion  fluence.  This  fluence 
dependency  is  probably  connected  with  the  shift  (or 
movement)  of  Fermi  level  pinning  position  at  the  GaAs 
surface,  since  irradiation-induced  defects  also  creates 
various  interface  states.  Similar  behaviour  and  particle 
fluence  dependency  of  the  ideality  factor  and  apparent 
barrier  height  on  the  neutron  bombardment  [9]  and  on 
helium  ion  bombardment  [10]  has  been  reported.  The 
increase  of  ideality  factor  is  indicating  an  increase  of 
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Fig.  2.  Change  of  reverse  leakage  current  and  barrier  height 
(inset)  with  dose,  for  as-irradiated  and  irradiated-annealed 
SBDs. 


defect  density  at  the  interface  with  increasing  ion  dose. 
For  higher  fluence  of  1  x  1015p/cm2,  the  I-V  curve 
exhibits  almost  ohmic  behaviour  and  the  current  flow 
mechanism  is  mainly  due  to  tunnelling. 

Damage  produced  by  light  ions  like  protons 
may  usually  be  unstable  and  tend  to  anneal  or 
form  complex  clusters  at  higher  temperatures.  The 
irradiated  diodes  have  been  subjected  to  thermal 
treatment  to  investigate  the  effect  of  annealing. 
Annealing  of  the  irradiated  diodes  decreases  the 
reverse  leakage  current  as  shown  in  Fig.  2  and  the 
reduction  in  the  reverse  leakage  current  exhibits  a  strong 
dependence  on  the  annealing  temperature.  This  is  due  to 
annihilation  of  irradiation-induced  defects  upon  thermal 
annealing.  The  reverse  leakage  current  for  the  673  K 
annealed  irradiated  diodes  was  slightly  higher  than  that 
of  the  unirradiated  diode  (control  diode).  This  shows 
that  the  defects  that  were  produced  are  not  completely 
annealed  out.  The  annealing  of  irradiated  diode  also 
decreases  the  ideality  factor  and  increases  the  apparent 
barrier  height.  An  enhancement  in  barrier  height 
(0.812eV)  has  been  observed  for  673  K  annealed, 
irradiated  (1  x  10,3p/cm2)  SBDs  as  against  the  control 
diode  (0.789  eV).  Interestingly,  it  was  found  that 
the  light  ion  irradiation  and  subsequent  annealing 
improves  the  properties  of  SBDs,  especially  the  barrier 
height  (inset  of  Fig.  2). 

From  C-V  measurements,  it  was  observed  that 
the  capacitance  decreases  for  irradiated  diodes  and 
has  weak  dependence  on  the  applied  bias.  This  may 
be  due  to  reduction  of  effective  doping  level  at  the 
GaAs  surface.  Implantation  can  introduce  traps 
that  reduce  the  free  carrier  density  of  the  semi¬ 
conductor.  A  decrease  in  the  capacitance  was  also 
attributed  to  the  change  in  dielectric  constant  at  the 
interface  [11]. 


Fig.  3.  DLTS  spectra  and  Arrhenius  plot  (inset)  of  the 
unirradiated  and  as-irradiated  (dose=  1  x  1013p/cm2)  samples. 


3.2.  Deep  level  transient  spectroscopy  analysis 

DLTS  spectra  for  control  and  1  x  1013p/cm2  proton 
irradiated  samples  are  shown  in  Fig.  3.  For  the  as-grown 
samples,  a  trap  level  corresponds  to  deep  level  defect 
EL2  was  observed.  From  Arrhenius  plot  (inset  of 
Fig.  3),  the  activation  energy  and  the  concentration  of 
the  trap  level  was  found  to  be  0.758  eV  and 
1.1  x  1014cm~3,  respectively.  The  electron  trap  level, 
EL2,  is  assigned  to  native  arsenic  antisite  (AsGa)  defect 
with  activation  energy  values  of  0.76-0.80  eV  [12-14]. 
Upon  low  energy  proton  irradiation,  the  trap  level 
concentration  was  found  to  be  increased 
(6.42  x  10,4cm-3)  with  activation  energy  of  0.788  eV. 
It  may  be  noted  that  there  is  a  shift  of  nearly  15  K 
(~30meV)  in  the  peak  temperature  for  this  defect 
signature.  This  may  be  because  at  higher  defect 
concentrations  their  interactions  intensified,  changing 
the  electrical  properties  of  EL2  defect,  thereby  changing 
the  thermal  activation  energy  which  results  such  peak 
shift  [15].  Also,  due  to  irradiation,  possibility  of 
conversion  of  the  EL2  defect  into  some  other  complex 
defects  with  the  energy  close  to  that  of  EL2  cannot  be 
excluded. 


4.  Conclusions 

Low  energy  proton  irradiation  effect  on  the  electrical 
properties  of  Au/n-GaAs  SBDs,  fabricated  on  MOVPE 
grown  undoped  n-GaAs  epilayer  has  been  analysed.  I-V 
measurements  show  that  there  is  an  increase  in  the 
reverse  leakage  current  with  increase  of  incident  particle 
fluence.  Also,  the  ideality  factor  increases  and  the  barrier 
height  decreases  as  a  function  of  fluence.  Annealing  of 
the  irradiated  diodes  improves  the  diode’s  properties. 
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Further,  an  enhancement  of  barrier  height  as  compared 
to  the  unirradiated  diode  has  been  obtained  for  annealed 
(673  K),  lxlOl3p/cnr  irradiated  SBDs.  From  these 
studies  it  seems  that  the  increase  of  reverse  leakage 
current  depends  on  the  irradiation  induced  defects 
(particle  fluence).  Moreover,  the  removal  of  defects 
and  the  recovery  strongly  depend  upon  annealing 
temperature  and  the  concentration  of  defects  intro¬ 
duced,  respectively.  A  change  in  the  effective  free  carrier 
density  in  the  material  has  been  observed  from  the  C-V 
measurements.  DLTS  measurements  of  the  irradiated 
diodes  show  an  increase  in  the  concentration  of  the  deep 
level  defects. 
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Abstract 

Due  to  its  tissue-equivalence,  radiation  hardness,  resistivity  to  chemicals  and  thermal  stability,  diamond  is  becoming 
an  interesting  material  for  developing  dosimeters  of  ionising  radiation.  Several  types  of  CVD  diamonds  grown  at  the 
Institute  for  Materials  Research  at  the  Limburg  University,  Belgium,  were  used  to  construct  detectors  working  m 
ionisation  chamber  mode,  applicable  in  medical  physics.  CVD  diamonds  with  substrate  removed  cut  into 
3  mm  x  3  mm  x  0.8  mm  pieces  and  with  deposited  Au  contacts,  exposed  in  an  external  field  of  320  kVp  X-rays 
demonstrated  sensitivity  which  varied  from  50  to  630nC/Gy,  and  a  sublinear  response  with  dose  rate.  A  pencil-shaped 
holder  was  developed  and  used  for  testing  the  diamond  detectors.  The  main  deficiency  of  the  system  so  far  are  extended 
periods  required  to  reach  signal  saturation  and  recovery  after  irradiation.  We  expect  this  deficiency  to  be  overcome  by 
improving  the  quality  of  CVD  diamonds.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords :  CVD  diamonds;  Detectors;  Ionising  radiation 


1.  Introduction 

Detectors  based  on  natural  diamond  crystals  have 
been  developed  to  measure  relative  dose  distributions  in 
high  energy  photon  and  electron  beams  used  in  cancer 
radiotherapy  [1].  The  most  important  features  which 
make  diamond  detectors  attractive  for  medical  applica¬ 
tions  are  their  tissue  equivalence,  their  small  sensitive 
volume  (of  a  few  mm3)  allowing  good  spatial  resolution 
to  be  achieved,  and  the  relative  lack  of  dependence  of 
their  response  on  beam  energy,  dose  rate  and  ambient 
temperature.  A  major  advantage  of  a  diamond  detector 
in  comparison  with  a  gas-filled  ionisation  chamber  is  in 
its  small  size  and  high  sensitivity,  due  to  the  high  solid 
state/gas  density  ratio  (about  3  x  103)  and  to  the  lower 
energy  required  to  produce  ion  pairs  [2].  At  present, 
diamond  detectors  for  dosimetry  in  radiotherapy  beams 
are  produced  only  by  the  group  of  Khrunov  at  Dubna 
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(Russia)  and  offered  commercially  by  PTW  Freiburg. 
The  main  problem  with  diamond  detectors  is  to  find 
suitable  gems  to  be  used  as  detecting  material.  Detector- 
grade  natural  diamonds  are  extremely  rare,  which  limits 
the  availability  of  such  dosimeters. 

The  development  of  the  chemical  vapour  deposition 
(CVD)  technique  for  growing  artificial  diamonds 
brought  about  an  effort  to  produce  a  CVD  diamond- 
based  dosimeter.  The  CVD  technique  allows  one  to 
control  the  crystal-growing  process  in  order  to  obtain 
materials  with  well-defined  properties.  An  ideal  detector 
should  consist  of  a  single  diamond  crystal.  All  substitu¬ 
tion  impurities  of  diamond  act  as  trapping  centres  for 
free  carries  and  consequently  reduce  its  radiosensitivity 
[3].  Polycrystalline  CVD  diamonds  usually  consist  of 
columnar  grains,  which  are  smaller  on  the  substrate  side 
and  increase  in  size  with  film  thickness  [4].  The  presence 
of  grain  boundaries  and  of  intra-grain  defects  limits  the 
lifetime  of  the  carriers,  giving  rise  to  a  high  density  of 
localised  energy  levels  in  the  diamond  band  gaps.  This 
results  in  different  mechanisms  of  electrical  transport. 
Han  and  Wagner  [5]  showed  that  the  presence  of  grain 
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boundaries  degraded  the  detection  properties  of  a  CVD 
diamond  by  a  factor  of  two  or  three,  as  carriers  are  then 
more  likely  to  drift  across  grain  boundaries  and  become 
trapped  or  scattered.  In  spite  of  the  presence  of  a 
network  of  grain  boundaries,  CVD  diamonds  could 
operate  as  detectors  of  ionising  radiation.  The  Sheffield 
group  published  several  papers  [6,7]  summarising  their 
work  on  the  development  and  application  of  CVD 
diamonds  as  dosimeters  in  radiotherapy  beams. 

Within  this  work,  five  batches  of  CVD  diamonds 
grown  at  the  Institute  for  Materials  Research  at 
Limburg  University.  Belgium,  were  used  to  construct 
detectors  working  in  ionisation  chamber  mode.  The  aim 
of  these  studies  was  to  test  the  CVD  diamond  detectors 
in  different  radiation  fields.  The  construction  of  the 
detector  holder  was  optimised  in  order  to  eliminate  the 
spurious  signal  interfering  with  that  from  the  diamond 
detector. 


2.  Materials 

Five  different  batches  of  CVD  diamonds  were  grown 
at  the  Institute  for  Materials  Research  at  Limburg 
University,  Belgium.  The  thickness  of  the  CVD  dia¬ 
monds  varied  between  500  and  800  pm  and  the  grain 
size,  determined  by  means  of  scanned  electron  micro¬ 
scopy  (SEM)  at  the  Institute  of  Metal  Cutting  in 
Krakow,  varied  between  50  and  1 50 pm.  The  diamond 
plates  used  to  produce  detectors  were  typically  of  an 
area  between  4  and  9  mm2. 

Contact  preparation  and  detector  irradiation  was 
performed  at  the  Institute  of  Nuclear  Physics  (INP)  in 
Krakow.  The  as-received  CVD  diamond  samples  were 
annealed  for  30  min  at  400  C.  Samples  were  cleaned  in 


hot  chromic  acid  to  eliminate  any  graphite  or  non¬ 
diamond  material  from  the  diamond  surface,  and  then 
rinsed  with  de-ionised  water  and  dried.  Electrical 
contacts  were  prepared  on  opposite  sides  of  the  diamond 
samples.  The  side  of  the  diamond  which  had  been  in 
contact  with  the  Si  substrate  during  growth,  was  flat, 
and  the  other  featured  a  polycrystalline  structure.  On 
the  polycrystalline  side,  the  central  contact  was  sur¬ 
rounded  by  a  guard  ring.  Au  or  Cr/Au  contacts  of 
thickness  of  about  500  A  were  deposited  by  evaporating 
metal  in  a  10  5Torr  vacuum  chamber.  The  Cr/Au 
contacts  were  annealed  at  400"C  for  10  min.  Finally,  a 
gold  wire,  0. 1  mm  in  diameter,  was  glued  to  each  side  of 
the  detector.  The  CVD  diamond  detectors  were 
mounted  (i)  on  small  isolating  plates  with  electrical 
contacts  (PCBs),  (ii)  in  a  10cm  x  10cm  x  5cm  steel  box 
acting  as  a  Faraday  cup  and  (iii)  in  a  specially 
developed,  pencil-shaped  holder. 

The  CVD  diamond  detectors  were  irradiated  by  90Sr. 
5.3  MeV  ot-particles  of  fluence  about  7x  106/cm2  from 
an  24 'Am  source,  and  by  a  Philips  X-ray  tube.  The  dose 
rate  varied  from  19.6mGy/min  at  100  kV  (tube  current: 
1mA)  to  13.32  Gy /min  at  the  320  kV  (tube  current: 
12  mA).  The  current  and  charge  generated  in  the 
diamond  detector  were  measured  by  an  UNIDOS 
(PTW  Freiburg)  electrometer.  The  bias  voltage  of  the 
detector  could  be  increased  only  in  50  V  steps.  A  Markus 
ionisation  chamber  was  used  to  monitor  the  dose  rate 
during  X-ray  irradiation. 


3.  Results  and  discussion 

In  our  first  tests,  all  detectors  with  their  gold  contacts 
were  mounted  on  a  small  PCBs  free-in-air  and  tested  in 


Fig.  1.  Response  of  the  S8  detector  after  irradiation  with  different  sources, 
before  irradiation. 


Ai  means  the  value  of  the  dark  current  of  the  detector  S8 
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Fig.  2.  Saturation  of  the  response  of  the  S8  detector  after  different  dose  rates,  in  a  320  kV  X-ray  beam. 
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Fig.  3.  Best  fitted  value  of  saturated  current  value  (squares)  and 
of  measured  current  value  (circles)  in  the  S 8-type  active 
diamond  detector,  versus  tube  current,  in  a  320  kV  X-ray  field. 
Values  observed  5  min  after  turning  the  X-ray  field  on  were 
taken  as  the  measured  value  of  current. 
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the  90Sr  field  (dose  rate:  20mGy/s).  At  a  50  V  bias 
voltage  detectors  showed  a  dark  current  of  about 
10“ 12  A,  and  a  current  of  a  few  pA  when  placed  in  the 
90Sr  field.  Under  these  conditions,  such  a  small  signal 
could  not  be  measured  in  a  reproducible  and  stable 
manner.  Therefore  the  PCBs-mounted  detector  was 
placed  inside  a  grounded  metal  box  acting  as  a  Faraday 
cup  to  eliminate  distortions  caused  by  external  electric 
fields.  Fig.  1  demonstrates  the  response  of  one  of  the 
detectors  (symbol  S8)  to  different  radiation  fields.  The 
dark  current  Id  of  the  S8  detector  encapsulated  in  the 


Faraday  cup  was  about  0.032  pA.  The  detector  exposed 
to  day-light  showed  a  current  of  the  2-3  pA,  of  about 
10  pA  under  241  Am  irradiation  and  of  140  nA  in  the 
320  kV  X-ray  beam. 

Detectors  built  from  all  batches  of  detectors  available 
to  us  were  tested  in  the  X-ray  beam  at  different  dose 
rates.  The  response  of  our  CVD  detectors  varied  from  50 
to  630  nC/Gy.  The  signal  of  the  detector  is  here  the  total 
signal,  with  the  signal  of  the  Faraday  cup  with  PCBs 
plate  and  electrodes,  but  without  the  diamond,  sub¬ 
tracted.  This  spurious  signal  originated  from  ions 
induced  by  X-rays  in  air,  collected  on  the  electrodes. 
In  Fig.  2  the  response  of  the  S8-batch  diamond  detector, 
which  showed  the  highest  response,  is  presented  as  a 
function  of  dose  rate.  The  signal  of  the  S8  detector 
reaches  saturation  after  a  period  of  over  300  s.  For  all 
detectors  tested,  of  thickness  0.5  or  0.8  mm,  the  time 
required  for  the  signal  to  saturate  was  about  5-8  min. 
After  switching  the  X-ray  beam  off,  the  dark  current, 
initially  about  2-5  pA,  decreased  to  about  1  pA  within 
lOh.  The  initial  dark  current  of  virgin  (not  irradiated) 
diamond  detector  ranged  between  0.020  and  0.050  pA. 

The  response  of  the  S8  detector  as  a  function  of  X-ray 
dose  rate  is  presented  in  Fig.  3.  Linear  response  with 
dose-rate  is  an  absolute  requirement  for  any  dosimetric 
application.  On  the  other  hand,  the  relation  between 
diamond  current  and  the  dose  rate  D  provides  informa¬ 
tion  on  the  character  of  diamond  conductivity  o  which 
shows  a  power  dependence  with  dose-rate,  o~DA  [7]. 
The  dependence  of  the  S8  detector  current  versus  time 
since  irradiation  began,  t ,  was  fitted  with  the  function 
f(t)  =  abtxl2/(\  +  bt1/2)  (extended  Lanqmuir  function) 
where  a  (saturation  current)  and  b  are  free  parameters 
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Fig.  4.  Construction  of  the  CVD  diamond  detector  holder.  The  diameter  (f)  of  the  holder  is  12  mm  and  its  length  is  70  mm. 


(Fig.  2).  The  saturation  current  a  was  determined  at 
each  dose  rate  and  plotted  against  the  current  of  the 
X-ray  tube  (Fig.  3).  The  relation  between  the  saturation 
current  and  the  dose  rate  was  found  to  be  sublinear 
(A  =  0.59  +  0.02).  It  has  been  reported  [7]  that  A 
approaches  1  for  some  diamond  batches  and  at  higher 
applied  voltages.  Linearity  of  response  with  dose  rate  is 
a  crucial  parameter  if  medical  applications  of  CVD 
detectors  are  to  be  considered.  More  work  is  planned  in 
this  area,  with  new  batches  of  diamonds  placed  in  much 
smaller  holders  than  those  used  presently. 

Due  to  the  high  level  of  spurious  signal  encountered 
during  measurements  with  the  Faraday  cup.  we  devel¬ 
oped  a  pencil-shaped  holder,  to  better  separate  the 
electrodes  of  the  diamond  detector  and  to  minimise 
other  side-effects.  This  brass  holder  was  designed  for  the 
PMMA  structure  to  fit  snugly,  keeping  electrodes  well 
isolated  and  eliminating  as  much  as  possible  air  gaps 
inside  the  detector  (Fig.  4).  The  dark  current  of  the 
holder  and  its  background  signal  in  the  X-ray  beam 
(with  no  diamond)  was  too  low  to  be  measured  with  the 
UNIDOS  electrometer.  This  type  of  holder  can  easily  be 
made  waterproof,  enabling  detectors  to  be  placed  in  a 
water  phantom.  Several  detectors  with  Au  and  Cr/Au 
contacts  were  installed  in  the  holder  and  tested  in  the  X- 
ray  beam.  The  response  of  these  detectors  was  similar  to 
that  presented  in  Fig.  2,  but  no  spurious  current  had  to 
be  subtracted. 


4.  Conclusions 

Several  batches  of  CVD  diamonds  produced  at  the 
Limburger  University  were  tested  as  possible  active 
detectors  for  the  dosimetry  of  radiotherapy  beams.  In  an 


external  field  of  320  kVp  X-rays,  pieces  of  CVD 
diamonds  with  deposited  Au  contacts  demonstrated 
sufficient  sensitivity,  varying  from  50  to  630nC/Gy,  but, 
unfortunately,  also  a  sublinear  response  with  dose  rate. 
Another  major  disadvantage  of  these  detectors  is  in  the 
extended  time  periods  required  to  achieve  signal 
saturation  and  recovery.  A  pencil-shaped  holder  was 
developed  and  used  for  testing  the  diamond  detectors. 
More  work  is  planned  with  new  batches  of  diamonds 
and  with  improved  detector  encapsulation. 
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Abstract 

Results  are  presented  of  a  deep  level  transient  spectroscopy  (DLTS)  investigation  of  the  radiation  induced  lattice 
defects  in  shallow  trench  isolation  (STI)  silicon  diodes  by  20  MeV  proton  and  2MeV  electron  irradiation.  The 
correlation  between  the  deep  levels  and  the  post-rad  device  performance  will  be  studied,  together  with  the  recovery 
behavior  by  isochronal  thermal  annealing.  It  will  be  demonstrated  that  the  reverse  and  forward  current  increase  after 
irradiation,  which  is  caused  by  a  decrease  of  the  generation  and  recombination  lifetime,  respectively.  Two  electron 
capture  levels  were  observed  in  meander  diodes  after  10l4pcm  2  proton  irradiation.  The  degraded  device  performance 
recovers  by  isochronal  thermal  annealing  and  correlates  well  with  the  annealing  of  the  radiation-induced  electron  traps. 
During  the  annealing,  the  electron  traps  transform  in  other  more  stable  defect  centers.  ©  2001  Elsevier  Science  B.V.  All 
rights  reserved. 

Keywords:  Shallow  trench  isolation  diodes;  Irradiation;  Induced  deep  levels;  Degradation 


L  Introduction 

For  sub  0.25  pm  CMOS  shallow  trench  isolation  (STI) 
is  the  only  viable  scheme  for  achieving  the  required 
packing  density  and  speed  performance,  by  decreasing 
the  parasitic  capacitance  of  the  isolation  region,  endur¬ 
ing  the  device  isolation,  and  moderating  the  lithography 
process  margin.  It  is  also  considered  that  the  STI  is 
inherently  hardened  in  a  radiation-rich  environment 
because  of  the  used  process  scheme  whereby  the 
thickness  of  the  isolation  oxide  is  significantly  reduced. 
Although  some  reports  on  the  radiation  performance  of 
STI  structures  recently  became  available  [1,2],  no 
systematic  studies  outlining  the  relations  between 
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radiation  induced  lattice  defect  and  the  degradation  of 
the  electrical  performance  are  available.  In  this  paper, 
the  induced  lattice  defects  and  device  performance 
degradation  of  STI  diodes  irradiated  by  20  MeV  protons 
and  2  MeV  electrons  were  investigated.  Moreover, 
isochronal  thermal  annealing  is  performed  to  study  the 
recovery  behavior  of  the  electrical  properties  of  the 
irradiated  diodes. 


2.  Experimental 

The  process  flow  of  the  STI  diodes  was  based  on 
IMEC’s  standard  0.18  pm  CMOS  technology.  The  STI 
process  module  consists  of  (1)  a  dry  etching  of  trenches 
in  the  Si  substrate,  (2)  oxidation  of  the  trench  sidewalls, 
(3)  filling  step  with  a  TEOX  oxide,  and  (4)  chemical- 
mechanical  polishing  for  planarization.  A  combination 
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of  a  deep  (200keV,  L2  x  10,3cm“2)  and  a  shallow 
(55keV,  1.5  x  10l5cm“2)  boron  ion  implantation  and 
subsequent  dopant  activation  anneal  at  850'C  for  10  min 
is  used  to  form  a  retrograde  p-well.  The  studied  n  1  p 
diodes  are  fabricated  by  a  shallow  As  implantation 
(70keV,  4.0  x  lO'^cm  “)  followed  by  a  thermal  anneal 
at  1 100?C  for  10  s.  resulting  in  a  junction  depth  of  about 
0.1  pm.  The  back-end  of  the  process  consists  of  a  Co/Ti 
silicidation,  a  TEOS  IMD  layer  and  an  Al-Si-Cu 
metallization.  In  order  to  examine  the  leakage  currents 
resulting  from  the  bulk  and  peripheral  depletion  region, 
different  square  (SQ1,  SQ2)  and  meander  (ME1)  diodes 
have  been  characterized.  The  diodes  were  irradiated  at 
room  temperature  by  20MeV  protons  and  2MeV 
electrons  at  the  Takasaki  JAERI  in  Japan.  The 
current/voltage  (I/V)  characteristics  were  recorded 
before  and  after  irradiation.  The  radiation  induced 
lattice  defects  were  investigated  by  deep  level  transient 
spectroscopy  (DLTS)  using  a  bipolar  rectangular 
weighting  function  [3].  To  study  the  recovery  behavior 
of  the  irradiated  STI  diodes,  30  min  isochronal  thermal 
anneals  were  carried  out  at  temperatures  up  to  300'C. 


3.  Results  and  discussion 

The  current/voltage  {IjV)  characteristics  of  a  20MeV 
proton  irradiated  square  and  meander  STI  diodes  are 
represented  in  Fig.  1.  Both  the  reverse  and  forward 
current  increase  by  irradiation,  which  is  caused  by  a 
decrease  of  the  generation  and  recombination  lifetime. 


Fig.  1.  7/ V  characteristics  of  a  20McV  proton  irradiated  STI 
SQ1  and  ME1  diode,  respectively. 


The  forward  current  is,  however,  lower  after  irradiation 
for  a  forward  voltage  larger  than  0.4  V,  which  is  due  to  a 
radiation-induced  increase  of  the  p-well  resistivity.  It  is 
also  observed  that  the  increase  in  current  of  square 
diodes  is  larger  than  that  of  meander  diodes.  This  result 
points  to  the  different  influence  of  irradiation  on  the 
bulk  and  peripheral  leakage  current,  which  dominate  in 
square  and  meander  diodes,  respectively.  The  meander 
diode  was  more  degraded  by  electron  irradiation 
compared  to  proton  irradiation. 

Fig.  2  shows  the  recovery  behavior  of  the  IjV 
characteristics  for  STI  diodes  irradiated  with  2MeV 
electrons.  The  device  performance  was  significantly 
restored  by  the  isochronal  thermal  annealing. 

The  degradation  of  the  electrical  performance  results 
from  the  induced  lattice  defects  in  the  STI  diode.  The 
corresponding  DLTS  spectra  have  been  reported  in  a 
recent  study  [4,5).  Fig.  3(a)  and  (b)  show  the  DLTS 
spectra  of  20  MeV  proton  and  2  MeV  electron  irradiated 
STI  diodes,  respectively.  In  the  case  of  proton  irradia¬ 
tion,  two  electron  capture  levels  EMpM,  (£c-0.21eV) 
and  E|4M2  have  been  observed  in  a  meander  diode,  while 
only  the  E|4pS1  (£c-0.24eV)  level  was  found  in  the  large 
area  square  diode.  It  was  concluded,  that  EI4pSI  and 
E|4Pmi  are  most  likely  associated  with  the  Bi-Oj  level  [6], 
while  E|4pM2  is  related  to  radiation-induced  SiCL/Si 
interface  states  at  the  STI  sidewalls  [5],  In  the  case"  of 
electron  irradiation,  the  E j  |  and  E| 5Cm  i  levels  were 
observed  in  square  and  meander  diodes,  respectively. 
The  E 1 5eM j  level  might  be  related  to  STI  interface  state. 
The  E 1 5cS |  level  is  thought  to  be  originating  from  the 
induced  lattice  defects  in  the  p-well  region. 


Fig.  2.  Recovery  of  the  IjV  characteristics  for  a  2  MeV  electron 
irradiated  STI  diode  (SQ1). 
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(a) 


TEMPERATURE  (K) 


(b) 


Fig.  3.  DLTS  spectra  at  Tmax  =  7.6  ms  for  electron  traps  in 
20  MeV  proton  (a)  and  2MeV  electron  (b)  irradiated  STI 
diodes  (SQ2  and  ME1). 


Fig.  4  illustrates  the  impact  of  an  isochronal  anneal  on 
the  DLTS  spectra  of  a  2  MeV  electron  irradiated 
meander  diode.  As  shown  in  this  figure,  the  Ei5eMi 
peak  decreases  by  thermal  annealing  and  disappears 
after  a  200°C  annealing. 

Fig.  5  shows  the  electron  traps  at  different  rmax  in  a 
20  MeV  proton  irradiated  STI  diode  (ME1),  after  250°C 
annealing.  The  shape  of  the  DLTS  spectrum  changes 
significantly  with  the  rate  window  1/Tmax.  The  E14pMi 


Fig.  4.  Recovery  behavior  of  the  DLTS  spectrum  for  the 
electron  traps  in  a  2  MeV  electron  irradiated  STI  diode  (ME1). 


TEMPERATURE  (K) 

Fig.  5.  DLTS  spectra  at  different  Tmax  for  electron  traps  in  a 
20  MeV  proton  irradiated  STI  diode  (ME1)  after  250°C  30  min 
thermal  annealing. 


peak  transformed  from  a  single  level  peak  to  a  double 
peaked  feature  for  a  higher  rate  window,  while  the 
E14pM2  amplitude  reduces  markedly.  It  is  believed  that 
the  E  { 4pM  i  Bp-Oi  level  decomposes  into  the  Bj-Oi  and 
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Table  1 

Activation  energy  of  recovery  of  the  electron  capture  levels  (EAi.)  and  the  reverse  current  (E.\\)  of  diodes,  subjected  to  °0MeV  protons 
and  2  MeV  electrons 


Radiation  sources 

Em.  (eV) 

Em  (eV) 

Square  diode 

Meander  diode 

20  MeV  protons 

E]4pMi:  ~ 

0.26 

0.17 

E|4pM2:  0.1 

0.26 

0  17 

2  MeV  electrons 

Ei5c\ii  :  0.1 1 

0.12 

0.12 

Table  2 

Total  defect  density  (At),  defect  introduction  rate  (>/)  and  damage  coefficients  for  the  reverse  current  of  square  (tfso)  and  meander 
(Aaie)  diodes,  irradiated  by  different  radiation  particles 


Radiation  sources 

Nj  (cm  3) 

//  (cm  ') 

Ksq  (Acnr/particle) 

A'Mr;  (Acnr/particle) 

20  MeV  Protons 

2.3  x  10'4 

2.3 

3.1  x  10  22 

2.5  x  10  23 

2  MeV  Electrons 

1.5  x  1014 

0.15 

5.7  x  10  35 

1.6  x  10  24 

the  A  center  upon  annealing  at  250'C.  A  similar 
transformation  was  found  for  the  E 1 4pS i  level  in  a  SQ 
diode.  The  Ei4pM2  interface  state  peak  in  Fig.  5  clearly 
splits  up  into  two  new  peaks  at  rimx  -  68  ms,  while  for 
higher  rate  windows,  its  amplitude  becomes  marginal. 

The  defect  densities  of  the  electron  capture  levels 
decrease  and  the  reverse  current  recovers  by  thermal 
annealing.  The  activation  energies  of  the  recovery 
behavior  corresponding  with  each  electron  trap  (£A[ ) 
and  with  the  reverse  current  for  square  and  meander 
diodes  (£A,)  were  calculated;  the  results  of  this  calcula¬ 
tion  are  shown  in  Table  1.  £AL  for  E14pm2  and  E15cMi 
are  nearly  the  same,  which  is  not  surprising  since  they 
are  both  thought  to  be  associated  with  SiO:/Si  interface 
states.  £A[  for  the  electron-irradiated  diode  was  nearly 
the  same  as  £AL  for  ELScmi.  This  demonstrates  that  the 
degradation  of  the  reverse  current  for  electron  irradiated 
square  and  meander  diodes  is  mainly  caused  by  the 
peripheral  damage  at  the  STI  sidewalls.  In  case  of 
proton  irradiation,  the  larger  value  of  E\\  for  square 
diodes  indicates  that  the  recovery  of  electrical  char¬ 
acteristics  is  more  dependent  on  the  recovery  of  the 
radiation-induced  lattice  defects  than  on  the  peripheral 
damage  at  the  STI  edges.  On  the  contrary,  the  rather 
small  value  of  E\\  for  meander  diodes  indicates  the 
recovery  of  the  IjV  curves  is  caused  by  the  annealing  of 
the  peripheral  damage. 

The  total  defect  density  (Nj)  of  the  irradiated 
meander  diodes  and  the  defect  introduction  rate 
0/  =AT/fluence)  have  been  calculated  for  the  different 
experimental  conditions,  as  summarized  in  Table  2.  The 
damage  coefficients  of  the  reverse  current  for  square 


(^sq)  and  meander  (A^mi  )  diodes  are  also  indicated  in 
the  table.  In  case  of  square  diodes,  the  K$q  for  proton 
irradiation  was  three  orders  of  magnitude  larger  than  for 
electron  irradiation.  It  has  been  shown  that  the  higher 
radiation-induced  defect  density  is  related  to  the 
difference  of  particle  mass  and  the  possibility  of  nuclear 
collision  [5].  Kwi  for  protons  was  about  one  order 
of  magnitude  larger  than  for  electrons.  Interestingly, 
the  ratio  of  A\n;  for  protons  and  electrons  agrees 
with  the  ratio  of  t]  for  protons  and  electrons.  It  should 
be  remarked,  however,  that  Nj  for  the  meander 
diode  is  not  really  a  physical  quantity,  as  it  sums  the 
bulk  and  interface  traps,  without  making  any  distinc¬ 
tion.  Furthermore,  the  electron  traps  are  minority 
carrier  traps  in  this  case,  rendering  a  quantitative 
analysis  rather  difficult.  Therefore,  Nj  should  be 
considered  here  as  an  empirical  parameter,  which  shows 
a  good  agreement  with  the  respective  damage  coeffi¬ 
cients. 


4.  Conclusions 

The  main  conclusions  from  this  work  are  that  the 
device  degradation  observed  after  2  MeV  electron. 
20  MeV  proton  irradiation  or  subsequent  isochronal 
annealing  scales  well  with  the  observed  radiation- 
induced  electron  traps.  In  case  of  the  meander  diodes, 
the  degradation  is  governed  by  interface  traps  created  at 
the  STI  sidewalls.  For  square  diodes,  bulk  traps  in  the  p- 
well  (BjOj  or  the  A  center)  dominate  the  device 
performance  after  proton  irradiation,  while  both 
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interface  and  bulk  traps  contribute  for  electron  irra¬ 
diated  SQ1  diodes. 
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Abstract 

We  have  studied  a  porous  structure  on  silicon  surfaces  that  is  introduced  by  electron  irradiation.  The  structure 
consists  of  nanometer-sized  holes  arranged  on  silicon  surfaces.  Investigating  the  size  and  the  distribution  of  surface 
nanoholes  in  a  temperature  range  from  about  4K  to  about  600  K,  we  have  estimated  the  porosity  on  a  surface  with 
nanoholes.  We  have  fabricated  a  periodic  dielectric  multilayer  structure  on  a  silicon  surface  by  introducing  nanoholes 
periodically  in  one  direction:  alternating  layers  with  different  dielectric  constants  (the  dielectric  contrast  of  about  1.08), 
spaced  by  a  distance  of  100  nm.  We  can  form  periodic  dielectric  layers  at  arbitrary  locations  on  surfaces  by  scanning  an 
electron  beam,  changing  the  periodicity  and  the  dielectric  constant  by  varying  irradiation  condition.  (L  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

Keywords:  Silicon;  Surface  nanohole;  Photonic  crystal;  Transmission  electron  microscopy 


1.  Introduction 

The  modification  of  surface  structure  involving  point 
defects  has  attracted  attention  because  of  its  potential 
application  in  future  nanotechnology  as  well  as  its  novel 
physics  in  nonequilibrium  states.  Even  though  growth 
kinetics  at  the  atomistic  level  on  surfaces  has  been 
revealed  by  means  of  scanning  tunneling  microscopy 
(STM)  and  other  experimental  techniques,  growth 
kinetics  on  surface  structures  involving  a  number  of 
atoms  has  not  been  fully  described  yet. 

In  the  present  paper,  we  have  investigated  a  porous 
structure  that  is  introduced  on  a  silicon  surface  by 
electron  irradiation,  namely,  surface  nanoholes  [1],  An 
array  of  nanoholes  is  uniformly  nucleated  and  gradually 
grown  on  an  electron  irradiated  surface.  The  spatial 
distribution  of  nanoholes  is  varied  by  an  irradiation 
condition  such  as  irradiation  temperature.  Analyzing  the 
experimental  data,  the  formation  mechanism  of  nano- 
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holes  has  been  described  in  terms  of  the  reaction  of  point 
defects  [1,2]. 

The  size  of  nanoholes  is  much  smaller  than  the  wave¬ 
length  of  visible  light.  However,  the  dielectric  constant 
of  the  silicon  surface  with  nanoholes  is  definable  from  a 
macroscopic  point  of  view.  The  dielectric  constant  of 
silicon  surface  with  nanohole  is,  on  average,  lower  than 
that  of  flat  silicon  surface.  We  have  fabricated  a  periodic 
dielectric  multilayer  structure  by  introducing  nanoholes 
periodically  in  one  direction.  Such  a  periodic  multilayer 
structure  is  expected  to  act  as  a  photonic  crystal  and  is 
potentially  useful  for  optical  devices  such  as  waveguides 
and  reflection  mirrors. 


2.  Experiments 

Specimens  were  nondoped  Czochralski  Si  {001} 
wafers.  Disks  of  3  mm  diameter  were  cut  from 
the  wafers.  The  surface  of  a  disk  was  dimpled  until  the 
center  of  the  disk  was  sufficiently  thin  for 
TEM  observation.  The  thickness  of  each  disk  (about 
100  nm)  was  estimated  by  convergent  beam  electron 
diffraction  technique.  Some  disks  were  irradiated 
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in  an  ultrahigh  vacuum  (UHV)  TEM  (1.8  x  10  7  Pa), 
and  the  rest  were  irradiated  in  a  conventional  TEM 
(1.8  x  10“5Pa). 


3.  Results 

3.1.  Formation  of  surface  nanoholes 

Fig.  1  shows  the  formation  process  of  nanoholes 
observed  by  TEM.  The  formation  mechanism  of  nano¬ 
holes  [1]  is  schematically  shown  in  Fig.  2.  As  the  primary 
event  of  the  formation  of  nanoholes,  single  surface 
vacancies  are  introduced  on  an  electron  exit  surface  due 
to  sputtering  of  atoms  on  the  surface  (Fig.  2(a)),  by 
irradiation  of  high-energy  (above  40keV)  electrons  [2]. 
The  introduced  surface  vacancies  agglomerate  on  the 
surface  via  their  diffusion  under  prolonged  electron 
irradiation  (Fig.  2(b)).  Indeed,  the  formation  of  shallow 
nanoholes  on  an  electron  exit  surface  is  confirmed  at  the 
early  stage  when  only  a  few  topmost  surface  layers  are 
removed  by  electron  irradiation  [3],  The  excavating 
follows  due  to  an  unisotropic  diffusion  of  surface 
vacancies  on  the  walls  of  nanoholes  against  the  ongoing 
direction  of  electrons  (Fig.  2(c)).  The  excavation  rates 
for  nanoholes  on  the  {001}  surface  is  estimated  to  be 
1.3  x  10~23  nm/(<?cm-2)  [2]. 

Nanoholes  are  formed  in  a  wide  temperature  range 
(from  about  4K  to  610  K),  and  the  average  diameter 
and  the  planar  density  of  nanoholes  vary  with  tempera¬ 
ture  [2]. 

3.2.  The  porosity  of  surface  with  nanoholes 

The  volume  of  a  nanohole  is  estimated  to  be  the 
opening  area  of  the  nanohole  multiplied  by  its  depth. 
The  porosity  of  a  surface  with  nanoholes  increases  as  the 
nanoholes  are  excavated.  The  porosity  has  a  maximum 
value  when  all  nanoholes  penetrate  the  disk.  In  this  case, 
the  porosity  is  estimated  as  the  ratio  between  the  sum  of 
the  opening  areas  of  all  nanoholes  and  the  irradiated 
area. 

Fig.  3(a)  indicates  that  the  maximum  porosity  is 
independent  of  incident  electron  energy.  The  maximum 
porosity  is  also  independent  of  electron  flux  (not 
shown).  We  have  found  that  the  maximum  porosity 
increases  monotonously  with  increasing  irradiation 
temperature  (Fig.  3(b)). 

3.3.  Fabrication  of  nanohole  periodic  multilayer  structure 

By  scanning  a  focused  electron  beam  (the  probe  size 
of  about  50  nm)  on  a  silicon  disk,  we  have  fabricated  a 
periodic  multilayer  structure  consisting  of  crystalline 
silicon  and  nanoholes  (Fig.  4(a)).  Fig.  4(b)  shows  a 
schematic  view  of  the  structure:  repeats  of  the  alterna- 


Fig.  1.  Nucleation  and  growth  of  silicon  surface  nanoholes. 
Electron  doses  are  0.0,  0.4  xlO24,  0.8  xlO24,  and  1.2  x 
1024ecm“2  in  (a),  (b),  (c),  and  (d),  respectively  [300  K,  UHV]. 
The  circle  in  (a)  indicates  the  irradiated  area. 


Si  substrat 

surface  vacancy  ~  *  ^electron  beam 


(b) 


Fig.  2.  The  formation  mechanism  of  surface  nanoholes. 


tion  of  the  (50  nm)  x  (1.6  pm)  x  (100  nm)  crystalline 
silicon  layer  and  the  (50  nm)  x  (1.6  pm)  x  (100  nm) 
nanohole  layer.  The  nanohole  layers  received  an  electron 
dose  of  about  7.2  x  1024ecm-2,  and  the  depths  of  the 
nanoholes  are  estimated  to  be  about  95  nm.  The 
nanoholes  almost  penetrate  the  disk.  With  the  data  in 
Fig.  3,  we  have  estimated  the  porosity  of  the  nanohole 
layers  to  be  about  8%. 
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(b)  Temperature  (K) 


Fig.  3.  The  maximum  porosities  of  the  silicon  surface  with 
nanoholes  as  a  function  of  (a)  incident  electron  energy  [300  KJ 
and  (b)  irradiation  temperature,  [small  triangles:  UHV,  large 
triangles:  1.8  x  10  5  Pa]. 


Fig.  4.  (a)  A  TEM  image  of  a  periodic  nanohole/crystallinc 
silicon  multilayer  structure,  (b)  A  schematic  view  of  the 
multilayer  structure  shown  in  (a),  (c)  The  calculated  photonic 
band  structure. 


estimated  to  be  13,  at  which  wavelength  the  dielectric 
constant  for  crystalline  silicon  is  14  [4]  (the  dielectric 
contrast  is  about  1 .08). 


4.  Discussion 

We  discuss  the  photonic  band  structure  for  the 
periodic  multilayer  structure  shown  in  Fig.  4(a).  Even 
though  it  has  finite  (13)  periods  of  crystalline  silicon/ 
nanohole  layers,  we  consider  the  structure  as  consisting 
of  the  infinite  repeats  of  crystalline  silicon/nanohole 
layers.  Fig.  4(c)  shows  the  calculated  (for  the  calcula¬ 
tion,  we  apply  the  theorem  by  Joannopoulos  et  al.  [5]) 
photonic  band  structure  for  the  infinite  multilayer 
structure.  In  the  calculation,  the  direction  of  the  wave 
vector  is  normal  to  the  layers.  A  frequency  gap  in  which 
no  mode  can  exist  regardless  of  wave  vectors  (photonic 
band  gap)  exists:  the  center  frequency  of  2.65  x  1 024  s" 1 
(about  710  nm  in  wavelength)  and  the  width  of 
8x  10"  s1.  Both  the  center  frequency  and  the  width 
of  photonic  band  gap  increase  on  increasing  the 
dielectric  contrast.  Since  the  porosity  in  nanohole  layers 
depends  on  irradiation  temperature  and  electron  dose, 
the  photonic  band  gap  of  nanohole  periodic  multilayer 
structure  can  be  controlled  by  varying  the  irradiation 
condition.  The  gap  is  also  controlled  by  changing  the 
periodicity  of  the  multilayer. 

We  have  measured  the  reflectance  of  the  periodic 
multilayer  structure  shown  in  Fig.  4(a),  and  no  distinct 
evidence  for  photonic  band  gap  is  observed  at  the 
present  moment.  Further  works,  including  the  theore¬ 
tical  consideration  for  the  effect  of  finite  periods  of 
multilayer  on  the  photonic  band  gap,  are  necessitous  to 
understand  the  optical  properties  of  nanoholes. 

Some  photonic  crystals  based  on  porous  silicon  are 
fabricated  by  an  electrochemical  etching  technique  and 
their  optical  properties  are  examined  [6.7]  (for  a  recent 
review  see  Ref.  [8]).  We  have  first  attempted  to  fabricate, 
to  our  knowledge,  a  silicon-based  photonic  crystal  on  a 
surface  on  which  the  dielectric  is  periodic  parallel  to  the 
surface.  We  have  also  expected  that  nanoholes  them¬ 
selves,  an  array  of  small  holes  on  surfaces,  exhibit  the 
novel  optical  properties,  since  the  dielectric  response  is 
basically  due  to  electrons  of  which  properties  are 
affected  in  confined  systems. 


5.  Conclusion 


The  dielectric  constant  of  the  nanohole  layers  can  be 
estimated  for  averaging  the  dielectric  properties  of  air  (in 
nanoholes)  and  crystalline  silicon.  For  instance,  the 
dielectric  constant  at  the  wavelength  of  700  nm  is 


We  have  shown  a  potential  application  of  nanoholes 
to  photonic  crystal.  Nanoholes  are  also  expected  to 
exhibit  novel  optical  properties  due  to  the  quantum 
confinement  effect. 
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Abstract 

Results  of  a  detailed  study  of  the  effects  of  high-temperature  y-ray  and  electron  irradiation  on  the  performance 
degradation  of  Si  pin  photodiodes  are  presented.  The  macroscopic  device  performance  will  be  correlated  with  the 
radiation-induced  defects,  observed  by  DLTS.  After  irradiation,  two  majority  electron  capture  levels  with  (Ec-0.22eV) 
and  ( Ec  -  0.40  eV)  were  induced  in  the  n-Si  substrate,  while  one  minority  hole  capture  level  with  (£,  +  0.37  eV)  was 
found.  It  was  found  that  the  dark  current  increases  after  irradiation,  while  the  photo  current  decreases.  Additionally, 
the  degradation  of  the  device  performance  and  the  introduction  rate  of  the  lattice  defects  decrease  with  increasing 
irradiation  temperature.  At  200  C  irradiation,  the  reduction  of  the  photocurrent  is  only  10%  of  the  starting  value.  This 
result  suggests  that  the  creation  and  recovery  of  the  radiation  damage  proceeds  simultaneously  at  high  temperatures. 
©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Si  photodiode:  Radiation  damage:  High-tcmpcraturc  irradiation:  y-irradiation;  Electron  irradiation;  Induced  deep  levels 


For  several  reasons,  interest  in  high-temperature 
electronics  develops  fast.  If  these  components  are  to  be 
used  in  a  radiation  environment,  knowledge  about  the 
degradation  under  high-temperature  irradiation  condi¬ 
tions  is  highly  desirable,  as  it  is  difficult  to  predict  from 
device  simulation  only.  For  the  same  reason,  the  space 
community  has  also  developed  interest  in  electronics  for 
extreme  environments,  ranging  from  low  to  high 
temperatures  and  for  extreme  radiation  doses.  In 
satellite  systems  devices  can  be  exposed  to  irradiation 
for  extended  time  periods  at  elevated  temperatures. 
Military  specifications  also  require  devices  to  function 
over  a  temperature  range  of  -55-1 25"C. 
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Some  studies  on  the  physical  properties  of  defects  in 
high-temperature  electron-irradiated  Si  substrates  have 
been  reported  [1,2].  The  effect  of  the  X-ray  irradiation 
temperature  on  the  MOS  transistor  behaviour  has  also 
been  investigated  [3].  However,  not  so  much  is  known 
about  the  radiation  response  of  microelectronic  devices 
and  circuits  at  high  temperatures.  There  is  still  some 
uncertainty  about  the  possible  relationship  between  the 
induced  lattice  defects  and  the  performance  degradation. 
In  this  paper,  results  are  presented  of  a  detailed  study  of 
the  effects  of  high-temperature  y-ray  and  electron 
irradiation  on  the  device  performance  of  silicon  pin 
photodiodes.  The  macroscopic  device  performance  will 
be  correlated  with  the  radiation-induced  defects,  ob¬ 
served  by  DLTS. 

Si  photodiodes  were  fabricated  on  floating-zone  (FZ) 
n-type  (1  1  1)  Si  substrates  doped  by  phosphorus  to  a 
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(a)  VOLTAGE  (  V  ) 


(b)  LIGHT  POWER  (  mW/cm2 ) 


Fig.  1.  I /V  (a)  and  /l  (b)  characteristics  after  y-ray  irradiation 
at  different  high  temperatures. 


resistivity  of  2-4kQcm.  The  p-type  region  was  boron 
doped.  A  SiNv  layer  of  100  nm  thickness  formed  by 
chemical  vapor  deposition  was  used  as  passivation  and 
anti-reflection  film.  Al  with  1.5  pm  thickness  was 
evaporated  and  alloyed  to  the  p  contact.  After  dicing 
in  chips  of  1.5  x  1.5  mm2  size,  the  diodes  were  encapsu¬ 
lated  in  TO- 18  packages  with  kovar  glass  windows  of 
0.3  mm  thickness. 

Diodes  were  irradiated  by  a  8150.1  TBq  60Co  source 
at  the  Takasaki  JAERI.  The  total  dose  of  the  y-rays  was 
1  x  107rad(Si).  Packaged  diodes  were  also  irradiated 
with  2MeV  electrons  to  a  fluence  of  1  x  1015ecm~2 
produced  by  the  Dynamitron  at  Takasaki  JAERI.  The 


sample  temperature  was  fixed  at  20°C,  100°C  or  200°C 
and  was  controlled  by  a  panel  heater,  mounted  in  a 
chamber  for  y-ray  irradiation.  For  electron  exposures, 
irradiations  at  30°C,  100°C  or  200°C  were  also 
performed  through  a  50  pm  thick  Ti  window. 

Before  and  after  irradiation,  the  current/voltage  {I/V) 
characteristics  of  the  diodes  were  measured  at  room 
temperature  to  examine  the  change  of  the  dark  current 
(/d)  by  the  irradiation.  The  photocurrent  (7l),  measured 
at  room  temperature,  was  also  recorded  as  a  function  of 
the  white  light  power  (7*0-  The  deep  levels  in  the  Si 
photodiodes  were  studied  by  DLTS  in  the  temperature 
range  between  77  and  300  K.  The  emission  rate  window 
ranged  from  1.18  to  26.51ms  and  the  filling  pulse  was 
—2  to  0  V  to  observe  electron  capture  levels  in  the  n-Si 
substrate,  while  it  was  —2  to  0.5  V  to  detect  possible  hole 
capture  levels. 

Fig.  la  and  b  show  the  typical  result  of  I/V  and  7l 
characteristics  for  y-ray  irradiation  at  different  high 
temperatures,  respectively.  From  these  figures  it  can  be 
found  that  after  irradiation  the  dark  current  increases, 
while  the  photo  current  decreases.  The  degradation  of 
the  device  performance  decreases  with  increasing  irra¬ 
diation  temperature  as  shown  in  Fig.  2.  For  a  y-ray 
irradiation  t  200°C,  the  reduction  of  the  photocurrent  is 
only  10%  of  the  starting  value.  The  same  tendency  was 
observed  for  2  MeV  electron  irradiated  Si  photodiodes. 
Fig.  3  shows  typical  I/V  characteristics  of  Si  photo¬ 
diodes  after  2  MeV  electron  irradiation  at  different 
temperatures. 

To  compare  the  degradation  for  different  radiation 
sources,  one  can  calculate  the  damage  coefficient  (K)  of 
the  dark  and  the  photo  current  by  the  following 


Fig.  2.  Normalized  dark  and  photo  current  as  a  function  of  the 
y-ray  irradiation  temperature. 
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VOLTAGE  ( V  ) 

Fig.  3.  1/V  characteristics  of  2  MeV  electron  irradiated  Si 
photodiodes  for  different  irradiation  temperatures. 


equation. 

K  =  6/i> .  l/3#,  (1) 

where  <I>  is  the  fluence.  The  y-ray  exposure  to  lOMrad 
(Si)  is  approximately  equivalent  to  1  x  10l4ecm  2  at 
1  MeV  energy  [4].  Table  1  shows  the  K  values  of  the 
y-ray  and  the  2  MeV  electron  irradiation.  From  this 
table,  a  contrasting  behaviour  is  derived  for  Aj)  and  Af. 
This  could  point  to  a  different  origin  of  the  degradation, 
i.e.,  bulk  versus  surface  damage.  In  the  first  case, 
radiation-induced  defects  will  affect  the  bulk  genera¬ 
tion/recombination  lifetime,  while  in  the  second  case, 
the  creation  of  interface  traps  can  increase  the  surface 
generation/recombination  velocity.  Therefore,  a  study  of 
the  microscopic  damage  is  necessary  for  a  better 
understanding  of  the  device  degradation. 

Fig.  4a  and  b  show  typical  DLTS  spectra  for  electron 
and  hole  capture  levels  in  y-ray  irradiated  Si  photo¬ 
diodes.  respectively.  After  irradiation,  two  majority 
electron  capture  levels  with  (£c-0.22eV)  and 
(£c  -  0.40 eV)  were  induced  in  the  n-Si  substrate,  while 
one  minority  hole  capture  level  with  (£v  +  0.37 eV)  was 
found.  Their  concentration  is  smaller  for  increasing 
irradiation  temperature.  In  addition,  it  is  well  known 
that  the  E-center  disappears  around  150  C  [5],  which 
could  partly  explain  the  reduction  of  the  £c  -  0.40  cV 
peak.  In  principle,  it  is  expected  that  the  £c  -  0.22  and 
£c  ~~0.40eV  peaks  are  associated  with  the  di-vacancy. 
However,  the  0.3  eV  activation  energy  is  quite  low  to 
correspond  to  the  single  acceptor  state.  In  addition,  the 
corresponding  peak  is  much  higher  than  the  double 
acceptor  at  £c~0.22eV.  Apparently,  some  other 


(b)  TEMPERATURE  (  K  ) 

Fig.  4.  DLTS  signal  of  electron  (a)  and  hole  (b)  capture  levels 
of  y-ray  irradiated  Si  photodiodes. 

unknown  level  contributes  to  the  electron  trap  at  around 
200  K.  The  hole  capture  levels  are  related  to  a  carbon 
related  complex  (presumable  C,-0,).  For  an  irradiation 
at  150  C,  an  additional  unknown  electron  capture  level 
is  observed  around  170K.  The  same  deep  levels  are 
induced  for  2  MeV  electron  irradiated  diodes,  however, 
with  one  order  higher  introduction  rate. 

In  agreement  with  the  device  performance,  the 
introduction  rate  of  the  deep  levels  decreases  with 
increasing  irradiation  temperature.  For  a  200"C  irradia¬ 
tion  temperature,  the  induced  capture  levels  amount  to 
60%  of  the  concentrations  found  after  room  tempera¬ 
ture  irradiation.  This  result  suggests  that  the 
creation  and  recovery  of  the  radiation  damage  proceeds 
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Table  1 

Damage  coefficient  for  y-ray  and  2  MeV  electron  irradiation 


K&  (e  1 A  cm2) 

Kl  (e  ‘A cm2) 

y-Rays  (equivalent 

3.2  x  10  24 

-7.8  x  10“14 

1  Mev  electrons) 

2  MeV  electrons 

1.1  x  10"22 

-1.6  x  10-14 

simultaneously  at  high  temperatures.  It  is  also  shown 
that  the  hole  capture  levels  are  mainly  responsible  for 
the  performance  degradation. 

In  conclusion,  after  irradiation,  two  majority  electron 
capture  levels  with  (£c-0.22eV)  and  (£c-0.40eV) 
were  induced  in  the  n-Si  substrate,  while  one  minority 
hole  capture  level  with  (£v  4*  0.37  eV)  was  found.  The 
degradation  of  the  device  performance  and  the  intro¬ 
duction  rate  of  the  lattice  defect  decrease  with  increasing 
irradiation  temperature.  This  result  suggests  that  the 


creation  and  recovery  of  the  radiation  damage  proceeds 
simultaneously  at  high  temperatures. 
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